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MONDAY, FEBRUARY 3, 1958 


ConGREsS OF THE UNITED STATES, 
SUBCOMMITTEE ON RESEARCH AND 
DEVELOPMENT OF THE JOINT 
CommiTTEre on Atomic Enerey, 
Washington, D.C. 

The subcommittee met, pursuant to call, at 10 a. m., in the Caucus 
Room, Old House Office Building, Honorable Melvin Price, presiding. 

Present: Representatives Price (presiding), Durham (Chairman of 
the Joint Committee), Van Zandt, and Hosmer. 

Also: James T. Ramey, executive director, and George E. Brown, 
Jr., professional staff member for Research and Development. 

Representative Price. The committee will be in order. 

This is the opening day of public hearings by the Research and De- 
velopment Subcommittee of the Joint Committee on Atomic Energy 
on the physical research program as it relates to the atomic energy 
field. The hearings will continue throughout the balance of this week 
and next week and will cover the major areas of chemistry, metallurgy, 
and nuclear physics. 

Over the next 2 weeks we will have the privilege of hearing the 
views of some 50 top scientists from our national laboratories and par- 
ticipating universities who are actually performing the experimental 
work in the field. As a result of their Saeetution of the work they 
are doing in their individual fields of specialization, it is hoped that 
the Congress and the public will have a better understanding of what 
basic research is and what part it plays in our overall scientific effort. 

For the record, I would like to insert at this point a schedule of 
the hearings covering the subject matter that will be discussed in the 
next 2 weeks, and the names of the scientists, and their background, 
who will make the presentations on each subject. 

(The schedule referred to follows :) 


AGENDA FOR HEARINGS ON THE PHYSICAL RESEARCH PROGRAM 

Monday, February 8, 1958 

A general survey discussion by three leading scientists in the physical research 
program. 

I. Chemistry Survey: Dr. Glenn T. Seaborg, University of California 

II. Materials Survey: Dr. Frederick Seitz, University of Illinois 

III. Physics Survey: Dr. Isidor I. Rabi, Columbia University 
Tuesday, February 4, 1958 

A discussion by the working scientists of selected research topics in the field 
of chemistry. 

I. Introduction: Dr. Paul W. McDaniel, Acting Director, Division of Research, 
Atomic Energy Commission 

II. Nuclear chemistry : 
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A. Chemical Studies of High-Energy Nuclear Reactions: Dr. Gerhart 
Friedlander, Brookhaven National Laboratory 


B. Nuclear Properties of the Heavy Elements: Dr. John O. Rasmussen, 
University of California 
C. Studies of the Fission Process: Dr. John R. Huizenga, Argonne National 
Laboratory 
III. Radiation chemistry : 
A. Effects of High-Energy Radiation on Organic Compounds: Dr. Milton 
Burton, University of Notre Dame 
B. Radiation Chemistry of Water: Dr. A. O. Allen, Brookhaven Na- 
tional Laboratory. 
C. Behavior of Water in Reactors: Dr. Edwin J. Hart, Argonne Na- 
tional Laboratory. 
IV. Hot Atom Chemistry: Dr. John E. Willard, University of Wisconsin. 
Wednesday, February 5, 1958 


Continuation of chemistry research discussion and questions. 

I. High Temperature Chemistry: Dr. Paul W. Gilles, University of Kansas. 

II. The Use of Isotopes in the Quantitative Description of the Rate of Chemical 
Reactions: Dr. Jacob B. Biegeleisen, Brookhaven National Laboratory. 

III. Selected topics in physical and inorganic chemistry : 

A. Paramagnetic Resonance Studies of Free Radicals Produced by Radia- 
tion: Dr. Ralph Livingston, Oak Ridge National Laboratory. 

B. Studies of Molecular Structure by Neutron Diffraction: Dr. Henri A. 
Levy, Oak Ridge National Laboratory. 

C. Liquid-Liquid Extraction Techniques for the Separation of Lan- 
thanide and Actinide Elements: Dr. Donald F. Peppard, Argonne National 
Laboratory. 

D. Ion Exchange as a Research Tool in the Separation of Rare Earths: 
Dr. Jack E. Powell, Iowa State College. 

E. Geochemical Studies: Dr. Harold C. Urey, University of Chicago. 


Thursday, February 6, 1958 


A discussion by the working scientists of selected research topics in the fields 
of metallurgy, solid state physics, ceramics, and radiation effects on solids. 

I, Effects of Imperfections and Their Interactions on the Properties of Crystal- 
line Solids: Dr. David K. Holmes, Oak Ridge National Laboratory. 

II. Atomic Motion in Solids-Diffusion: Dr. David Lazarus, University of 
Illinois. 


Ill. Theory of Alloys: Dr. Benjamin L. Averbach, Massachusetts Institute of 
Technology. 

IV. The Microstructure of Metals and Some Effects of Explosive Shock There- 
on: Dr. Cyril S. Smith, University of Chicago. 


V. Fundamental Corrosion Studies: Dr. Joseph E. Draley, Argonne National 
Laboratory. 


VI. Radiation Effects in Materials: Dr. G. J. Dienes, Brookhaven National 
Laboratory. 
Friday, February 7, 1958 
A discussion by the working scientists of selected research topics in the field 
of physics. 
I. Low Energy and Medium Energy Nuclear Physics: 
A. Basic Concepts: Dr. John H. Williams, University of Minnesota. 
B. Low Energy Neutron Physics: Dr. William W. Havens, Jr., Columbia 
University. 
C. Nuclear Spectroscopy: Dr. William W. Buechner, Massachusetts In- 
stitute of Technology. 


D. Gamma Radiations From Excited States of Light Nuclei: Dr. Tom W. 
Bonner, Rice Institute. 


E. The Nonconservation of Parity: Dr. Tsung-Dao Lee, Columbia Uni- 
versity. 
Monday, February 10, 1958 
A discussion by working scientists of selected aspects of the controlled ther- 
monuclear research program. 


I. Introduction: Dr. Arthur E. Ruark, Division of Research, United States 
Atomic Energy Commission. 
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II. Problems in Obtaining Controlled Thermonuclear Temperatures: Dr. Rich- 
ard F. Post, University of California. 
III. Magnetic Bottles for Plasmas: 
Dr. Melvin B. Gottlieb, Princeton University 
Dr. Edward A. Frieman, Princeton University 
IV. Pinch discharges: 


A. Neutrons From Pinches: Dr. James L. Tuck, Los Alamos Scientific 
Laboratory. 


B. The “False Neutrons”: Dr. Stirling A. Colgate, University of Cali- 
fornia Radiation Laboratory. 


C. The Stabilized Pinch: Dr. James A. Phillips, Los Alamos Scientific 
Laboratory. 


D. The Turbulent Pinch: Dr. Keith Boyer, Los Alamos Scientific Lab- 
oratory. 
Tuesday, February 11, 1958 
Continuation of physics research discussion and questions. 
I. High energy physics: 
A. Multi-Bev Accelerator Experiments: 


Part I—Examples of High Energy Physics Research at the Bevatron: 
Dr. Luis W. Alvarez, University of California. 


Part Il1—Properties of K-Mesons and Hyperons: Dr. R. K. Adair, Brook- 
haven National Laboratory. 


B. Interactions of Electrons with Nucleons and Nuclei: Dr. Robert 
Hofstader, Stanford University. 


C. Elementary Particles: Dr. Murray Gell-Mann, California Institute of 
Technology. 


D. Cosmic Ray Research: Dr. Bruno B. Rossi, Massachusetts Institute of 
Technology. 


E. Cosmic Ray Research with Rockets and Satellites: Dr. James A. 
Van Allen, University of Iowa. 
Thursday, February 18, 1958. 


Continuation of physics research discussion and questions. 
I. Computers: 


A. University Research Computers: Dr. Nicholas Metropolis, University 
of Chicago. 


B. Monte Carlo Studies of Nuclear Chain Reactions: Dr. Robert Richt- 
myer, New York University. 
II. High energy accelerators: 


A. The Brookhaven Alternating Gradient Synchrotron: Dr. George K. 
Green, Brookhaven National Laboratory. 


B. 15-45 Bev Electron Linear Accelerator: Dr. Leonard I. Schiff, Stan- 
ford University. 


C. Fixed Field Alternating Gradient Systems: Dr. Keith R. Symon, 
University of Wisconsin. 
Friday, February 14, 1958. 
Review of the physical research program and the level of support needed. 
Dr. Alan T. Waterman, Director, National Science Foundation. 
Dr. P. W. McDaniel, Acting Director, Division of Research, Atomic Energy 


Commission. 

Representative Price. In the past 2 weeks there have been sensa- 
tional developments announced in basic research. One has been the 
promise of control of thermonuclear reaction and, of course, the 
launching of our satellite. 

We hope that during the course of these hearings there will be 
considerable testimony in these two fields and other fields which are 
just as important. 

Before we start, I would like to extend our sincere appreciation to 
the scientists from our laboratories and universities who have taken 
the time away from their work to appear before the committee as 
expert witnesses. I would also like to express appreciation for the 
fine cooperation which the committee has had from the Commission’s 
division of research in helping prepare these hearings. 
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This morning we are glad to welcome three distinguished scientists 
who have made major contributions to America’s basic research pro- 
gram. Although these gentlemen are by training experts in the fields 
of chemistry, metallurgy, and physics, their presentations will deal 
with the broad outline of basic research which transcends individual 
areas of application and will serve as an introduction to the more 
detailed discussions which will follow on subsequent days. 

Our first witness this morning will be Dr. Glenn T. Seaborg, of 
the University of California Radiation Laboratory. Dr. Seaborg is 
one of our country’s leading scientists and received the Nobel prize 
in 1951 for his distinguished research work in the field of chemistry. 

We are glad to have you with us this morning, Doctor, and I am 
certain that the committee will be most interested in your remarks. 


STATEMENT OF DR. GLENN T. SEABORG,’ UNIVERSITY OF 
CALIFORNIA 


Dr. Seazorc. Thank you, Mr. Chairman. 

Representative Price. Will you proceed with your statement ? 

Dr. Seazorc. My statement is going to be concerned with the role 
of chemistry in the atomic energy program but as the chairman has 
indicated, I shall also deal more broadly with the problem of basic 
research. My remarks will also, therefore, apply to other areas in the 
research program. 

I intend to start with a brief description of the historical role that 
chemistry has played in the atomic energy development, and then 
I propose to make a few remarks about the relationship between basic 
and applied research. 

If time permits, I had intended to cover broadly some of the actual 
areas of research that are carried on in the Atomic Energy Com- 
mission’s laboratories and perhaps then go on and mention some of 
the things that are going on in the individual laboratories, 

Then I hope to give you some examples of how basic research has 
led to practical applications and I hope to conclude with some re- 
marks on the importance of basic recearch and what I consider to be 
appropriate budgets for this purpose, both in the atomic energy pro- 
gram and in our country as a whole. 

Representative Pricz. You say you are going to talk on what you 
believe to be an appropriate budget ? 

Dr. Szanora. Yes. 

Representative Price. Before you get into your statement, do you 
think that we adequately support basic research in the United States 
today ? 

Dr. Srazore. I do not. 


1 Born: Ishpeming, Mich., April 19, 1912. Education: A. B., chemistry, University of 
California at Los Angeles, 1934. Ph. D., chemistry, University of California, Berkeley, 
1937. D. Se. (honorary), University of Denver, Colorado, 1951. D. Sc. (honorary), 
corecipient (with E. M. MeMilleny) of 1951 Nobel prize in chemistry, Gustavus Adolphus 
College, St. Peter, Minn., 1954. D. Se. (honorary), Northwestern University, Evans- 
ton, Ill., 1954. Professional career: 1937—-39—research associate, working with Prof. 
Gilbert N. Lewis, College of Chemistry, University of California, Berkeley, 1939-41—in- 
structor, department of chemistry, University of California. Berkeley, 1941—45—assistant 
professor, department of chemistry, University of California, Berkeley, 1942—46—section 
chief, metallurgical laboratory, University of Chicago (on leave of absence from Uni- 
versity of California). 1945—professor, department of chemistry; director of nuclear 
chemical research, associate director (since 1954), radiation laboratory, University of 
California, Berkeley. 
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| Representative Price. Could you give us any example or would you 
care to elaborate on that point now ? 

Dr. Seasorc. If I may anticipate, I am going to suggest that we | 
should increase our support by something like 50 to 100 percent as soon 
as possible. Perhaps my remarks will illuminate this further. Ny 

Representative Price. You do not presently feel that we adequately 
support basic research in this country ? 

Dr. Sranore. I feel we do not adequately support basic research in 
this country. 

To start, chemical science has formed a very natural part of the 
operations of the Atomic Energy Commission because it has been so in- 
timately connected with every major development in the atomic energy 
field. Atomic energy had its start as a result of the discovery of the 
nuclear fission reaction by the two German chemists, Hahn and 
Straussman, back in 1939. 

They found by chemical means that uranium undergoes fission with 
slow neutrons. 

During World War II chemists were responsible for preparing the 
materials for the nuclear reactors in the plutonium project and the 
barrier materials used in the gaseous diffusion method for the separa- 
tion of U-235. Chemists under my direction developed the process for 
extracting plutonium from irradiated uranium. This rogram was 
worked out first with tracer amounts of plutonium and then tested 
with almost invisible amounts by work on the ultramicro chemical 
scale. Due to the urgency of the wartime period it was then im- 
mediately placed into full scale production at the Clinton and Hanford 

lants. 
: Chemists, also, were the first to synthesize the synthetic fissionable 
isotopes, Pu-239 and U-233 and demonstrate their important property 
of undergoing fission with slow neutrons. 

Chemists at Los Alamos played an important role in the final puri- 
fication of uranium and plutonium materials before the final metal- 
lurgical fabrication of the atomic bomb part. 

Now, at the end of the war the Manhattan District had assembled a 
rather remarkable group of chemists, some of them quite young. Most 
of them had no previous experience in working with radioactive ma- 
terials before the call to wartime service had plunged them into this 
unfamiliar type of development work. Many of these men returned 
to their original fields after the war, but a surprisingly high percentage 
of them stayed on to work with the Atomic Energy Commission and 
to carry on related work in the atomic energy field. 

The delegated responsibilities of the Atomic Energy Commission 
when it was created called for an extensive program in chemistry on a 
continuing basis. There are chemical problems in the extraction of 
uranium and thorium from the ores and the purification of uranium 
and other materials like thorium, beryllium, zirconium and graphite ; 
the design of the chemical processes for recovering Pu-239 and U-233 
from nuclear reactors; the isolation of valuable fission products; the 
preparation of components for nuclear weapons; the diagnosis of 
reactions occurring during nuclear weapons testing by radioactive 
assay methods; the measurement of important nuclear properties by 
radioactive assay methods and so forth. I could give many such ex- 
amples. 
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These research problems fall in the area of programatic research. 
They are applied research. Many of them, it is true, represent ap- 
plied research of a very unusual nature but nevertheless they repre- 
sent problems of a more or less immediately practical nature. 

The AEC fortunately realized very early that it was necessary, also, 
to encourage research in broad areas of nuclear chemistry, chemical 
engineering, as well as, of course, in physics, metallurgy, biology, and 
medicine. Therefore, a part of the funds and manpower used at the 
major laboratories of the AEC were deliberately devoted to a system- 
atic and broad attack on the unknown quantities in the field of chemis- 
try that have interest to the Commission. 

This work in their own laboratories was supplemented by contracts 
on a sort of grants-in-aid basis at many universities and privately 
financed research institutions. As the years have passed, the Com- 
mission’s program in reactor design and operations and weapons’ 
a in the application of tracers to chemistry, medicine, 
agriculture, and industry and so forth has made this program increas- 
ingly more broad and complex. This has meant that the em research 
effort in chemistry and nuclear chemistry has had to be broadened 
correspondingly. 

This basic research that I want to speak about for a few moments 
is exceedingly important for many reasons. It is one of the means of 
assuring that the fundamental information will be available to solve 
a problem which arises in one of the practical programs, of course, 
It is one way to assure that some of our best scientists are free of dis- 
tracting assignments pertaining to today’s practical problems and 
have the time to look ahead to possible tdndemnental new under- 
standings of nature which many years from now may lead to spectac- 
ular new advances. 

The distinction between basic and applied research lies in the motiva- 
tion behind the research and the criteria that are applied to deter- 
mine what work shall be undertaken and what changes may be under- 
taken in that work as it proceeds. 

In basic research the motivating influence is not attainment of 
utilitarian goals, Its keynote is curiosity, which is to be rated with 
the highest qualities of mankind. 

However, in actual practice basic research often turns out to be 
not really different from applied research in its real purpose. It is 
merely applied research with a time delay. It is virtually impossible 
to think of some scientific principle regarded as fundamental to the 
understanding of natural phenomena which has not been of great 
significance for the workaday world of mankind. But often it has 
taken years or even decades for this situation to appear. 

The discovery of natural radioactivity at the turn of the century is 
an outstanding example of this. 

We should not limit our support of basic research only to those 
areas which seem to relate to an atomic energy program narrowly 
conceived. We do not want to be suddenly astonished that other 
nations have found some discovery of great practical significance 
in a basic research effort where such a discovery was unexpected. 
On a national scale we must be prepared to cover all fields of chemistry 
and, of course, other sciences as well. 

It is important to encourage the development of new ideas even 
when their usefulness seems very remote. One can never predict what 
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important new principle may be made by a carefully conceived experi- 
ment carried out to test our ideas on the fundamental nature of matter, 
but one can predict that major advances are not very likely from an 
effort devoted entirely to improvements of today’s technology. We 
hope that the imaginative work of our scientists will be so unhindered 
that many of the major new advances of the future will come from our 
own laboratories. At the very least we hope that the experiences of 
our scientists will be fundamental and deep enough to permit them to 
make an accurate evaluation of any scientific advances wherever they 
may be made in the world. 

It is also important to train students in scientific fields related to 
the AEC program and to train research workers for industrial leader- 
ship. The AEC has encouraged this from the beginning and prob- 
ably should do more to encourage graduate student-training in fields 
such as chemistry and nuclear chemistry. 

Graduate student research in a tough field of basic research, which 
forces the student to make personal rolled-up-sleeves contact with the 
highly perplexing problems of the frontiers of research, is our best 
time-tested method for training personnel for leadership in Govern- 
ment, university, or industrial laboratories. 

I do not believe that I am overestimating the importance of basic 
research and I think that most people concerned with scientific mat- 
ters acknowledge its importance. I think, however, that it is easy to 
overestimate the amount of support of basic research, if we look only 
at the total expenditures lumped together or at the number of labora- 
tories that are engaged in scientific work. 

Most of our basic research is done in the universities in this coun- 
try. Only a few, a very few, of our industrial laboratories do basic 
research on any large scale, since only the largest companies can 
justify to their stockholders and managements the expenditures of 
large sums of money for research which does not have a fair chance 
of paying off within a period of a few years, that is, something like 
10 years or less. 

Even most Government laboratories, as a rule, operate with a rela- 
tively narrowly conceived set of purposes revolving around service 
to the Nation in the practical problems in a certain area, such as 
agriculture. 

The AEC laboratories, as well as a few other Federal laboratories 
such as the National Bureau of Standards, have been more liberal] in 
their support of basic research and should be encouraged to increase 
their support of basic research. Our country’s security and industrial 
development now requires such ever-increasing rapid development in 
broad areas of technology that it is too much to expect our traditional 
university system of research to keep up the pace without additional 
support. 

New information is frequently required in problems which require 
quite costly equipment for the research worker and very few univer- 
sity laboratories can afford the cost of the multimillion dollar acceler- 
ators, for example, that are now so absolutely necessary for advances 
in nuclear physics. 

The Division of Research is the custodian of the basic research for 
the Atomic Energy Commission. 
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I thought I might go on next, if time permits, to summarize very 
briefly some of the areas in which the Commission is c arrying on basic 
and applied research. 

Their budget in the field of chemistry for this purpose in their lab- 
oratories for fiscal 1958 was about $17 million. 

Representative Price. This is for the Commission? 

Dr. Sranorc. This is for the Atomic Energy ee s Division 
of Research in the field of chemistry. An additional $5 million or 
so was devoted to these outside contracts with universities and other 
institutions that I spoke of earlier. 

This work, then, goes on in a number of their laboratories. I shall 
attempt to review bri iefly some of the major areas. Many of the follow- 
ing speakers will touch on the details. 

Representative Duruam. Doctor, at that point you give us the 
amount we expected through the AEC , did you have an ‘estimate of 
the amount that is being spent by universities throughout the whole 
United States or is it variable? 

Dr. Seasora. I could find that; I am not sure that I have it. I 
believe that the entire budget for research and development, that is 
applied and basic research and engineering development, in the United 
States is something like $5 billion. 

Representative Douruam. I am speaking now entirely on the field 
of chemistry. 

Dr. Srasore. Yes; I was going to break that down. Of that, per- 
haps 5 percent, depending on your definition, is in the field of basic 
research. That would be about $250 million. 

I think universities one way or another account for about half of 
that. I do not know whether chemistry would be half of that again. 

Chairman Duruam. That comes from private grants and public 
funds also ¢ 

Dr. Srazora. Yes; and public funds also. 

Chairman Duruam. Is it possible to get a breakdown on that? 

Dr. Seasore. Yes; I know I could get a breakdown. 

Chairman Duruam. I think it would bea great help. 

Dr. Seazore. I will get a breakdown for the record. 

Representative Pricr. Will you do that for us, Doctor ? 

Dr. Seapore. Yes. 

(The information referred to follows :) 

Budget data for university (or college) research in chemistry for fiscal year 
1953-54 taken from table 3 of National Science Foundation 1957 Report, Basic 
Research, A National Resource: 





Source of funds: Amount 
ea ee a $6, 000, 000 
UNE WEN VE ERIN 5 hs oad cathodes onl 2 asacenea dees area abd ee eee 10, 000, 000 
a a a ae 2, 000, 000 
5h ere. seh eet alee eeas 1, 000, 000 

19, 000, 000 


Apparently about 90 percent of this total budget is for basic research. 


Dr. Srazorc. I will try to go over briefly some of the broad areas 
that are being covered in the Atomic Energy Commission laboratories 
and through their related contracts, and in doing this I will cite il- 
lustrative ‘examples of both applied research and basic research. 
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Representative Price. Doctor, the monetary amount you mentioned 
seems like a huge sum, yet you state that we do not adequately sup- 
port our basic research program. Could you give us some idea in 
what way we fail to give adequate support to basic research 

Dr. Sranorc. The sum I gave was something like $250 million de- 
pending on how you define basic research. 

Representative Price. For chemistry alone? 

Dr. Seanorc. No; that is for all fields in the United States. 

Representative Price. I thought Mr. Durham directed his question 
to chemistry alone. 

Dr. Seasore. Yes. I tried to break it down and said maybe half 
of that is in universities but supported through the AEC and Gov- 
ernment and private funds. 

Representative Price. So the amount you mentioned was in all 
fields ? 

Dr. Sranorc. Yes. In chemistry I suppose it is more like $50 mil- 
lion or even less. That is an order of magnitude guess, but I would 
guess it is something of that order in the American universities. 
When I say it is not enough, it is the result of my thought that with 
our present facilities and manpower we could do more. We could 
work effectively in broader areas and accomplish more, with more 
financial support. 

Going back to the Atomie Energy Commission’s programs, I will 
cite examples of both applied and basic research, mainly in chemistry, 
and you will notice that many of the chemical applications will be 
easily recognizable as the dividends of basic research carried on many 
years ago. Of course, time does not permit me any more than to 
give a very brief survey. Perhaps if you want to ask questions, maybe 
I can answer them. 

Representative Price. I wish you would give some idea. 

Dr. Seapore. Yes. 

Representative Price. I think the major function of you and Dr. 
Rabi and other witnesses this morning 1s to give us an overall sur- 
vey of the field. 

Dr. Seanora. Yes, sir. 

J am going to begin with an area in which I have been personally 
interested since its inception and that is in the area of the synthetic 
transuranium elements. These transuranium elements are members 
of a family which includes the natural elements, thorium, protac- 
tinium and uranium. The family is known as the actinide series of 
elements. The chemical properties of all members of this group, 
which includes the important element plutonium, are under inten- 
sive investigation in the various AEC laboratories. The radioactive 
characteristics and the neutron reactions of these elements are also 
under investigation by chemists and other scientists. The neutron 
properties of the fissionable isotopes of plutonium and uranium have 
great practical importance. The radioactive properties have special 
significance for nuclear structure, especially the unified model of the 
nucleus which has been suggested by the Copenhagen school of 
scientists. 

The heavier transuranium nuclides are produced in quantity by 
neutron irradiation in high flux reactors. The information obtained 
in such studies is of importance to reactor design and weapons testing. 
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Chairman Duruam. Doctor, at that point of the whole field of ele- 
ments, would you give us an estimate as to the increase in the demand 
in basic research in this field alone, which is the newest one—that is, 
uranium and its related elements—and would you make an estimate of 
how much that has really called on the chemists of the country to ex- 
pand their basic research? It seems to me it is enormous—— 

Dr. Srasorc. Yes. 

Chairman Duruam. Having a little knowledge of the basic ele- 
ments. That is where your work begins primarily ? 

Dr. Szazorc. Yes. I spoke of these heaviest elements. 

Chairman Duruam. I am just thinking about how much demand 
that has really placed on the scientists of the country which just a few 
years ago did not exist. 

Dr. Srazorc. That is right. The interest in this has come since 
1940 or so, actually. This has resulted in a great deal of increased 
emphasis in basic research and increased basic research in chemistry. 
It is a very substantial increase. It has led to increased interest in the 
whole field of inorganic chemistry, for example. 

Chairman DurHam. There is no other thing that has come from any 
other basic elements that has expanded so fast? 

Dr. Seazorc. No. This is almost without precedent. 

Chairman Duruam. I was just thinking if you could make an esti- 
mate of how much that has placed on the responsibility of chemistry 
in the basic research field in the last 10 or 15 years. People do not 
think of it in those terms. When we have to get funds up here for 
basic research, they do not think about the increase. An increase in 
airplanes they can see. But it is difficult for them to go in here and 
see what responsibility has this placed on the people who have to do 
this job in trying to solve it and bring out the different benefits to 
humanity. It is not something that we can sell easily, when you speak 
of $17 million. It sounds like a small sum to us around here, as though 
that is all we are putting into it. 

Dr. Szapore. Yes. 

Continuing, work on these elements has led to many practical re- 
sults. These invesigations have led to the development of the engi- 
neering methods for the industrial scale isolation and purification of 
plutonium and thorium and uranium. The method known as solvent 
extractions is of prime importance in our present reactor and ore 
processing technology. Certain organic liquids which are insoluble 
in water have the power when shaken with a water solution containing 
the uranium or plutonium and the impurities that you want to sep- 
arate them from, of extracting from the water the uranium and the 
plutonium, and leaving the impurities behind. 

This has led to a whole field of investigation in the basic properties 
of liquids and solvent extractions and so forth. This property of the 
organic solvents has formed the basis of the industrial processes, such 
as the Purex and Redox and Thorex processes that are used in our 
chemical processing plants in connection with reactor operation. 

Another method that has been developed is the so-called ion ex- 
change method. Certain insoluble high molecular weight organic 
polymers upon which the chemist has provided loosely bound ions are 
contacted with aqueous solutions. Uranium ions and plutonium ions 
then replace them on the polymers. These loosely bound uranium or 
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lutonium ions can be dissolved away from the polymers again and 
fiance the effect has been the separation of them from the impurities, 
the radioactive fission products, the impurities in the ore and so forth, 
depending on the application to which this process is put. 
hese ion exchange processes are very important for the — 
of uranium and thorium ores, the processing of reactor fuel elements, 
separation and purification of rare earth elements, and they show 
increasing applications in industrial areas far removed from the 
AEC’s reactor program. 

Another area where basic research is carried on and where applica- Hi 
tions are beginning to be evident is in the area of the volatility and . 
pyrometallurgical methods for fuel processing. These may be the 
methods for the future because they may offer the most hope for sub- 
stantial cost reductions in the production of nuclear power. It may be 
possible to avoid the expensive steps of completely removing the fission 
products by bringing your material into solution and then reducing it 
to the metal. It may be possible to effect sufficient separations by not 
having the material get out of the metallic phase, for example, and 
hence save substantially. 

Chairman Duruam. Is that somewhat in the minds of the people 
today, Doctor, taking it out before it ever becomes a fission product ? 

Dr, Srasore. Not before it becomes a fission product, but leaving the 
nuclear fuel in the form of the metal and taking the fission products 
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out without going through the whole complicated procedure of dis- . 
solving and putting it through the solvent extraction procedure that I ) 
told you about, and then re-reducing it to the metal. There exists the . 


possibility of treating the metal in the first place with another molten 
metal, for example, or a molten salt, and perhaps having the fission 
products transferred from the nuclear fuel to this molten salt or metal. ' 

Chairman Duruam. That would bea breakthrough ? 

Dr. Searora. That would be a breakthrough. Much work is car- 
ried on in this area. 

A related process is the volatility process where you don’t bring it 
into solution at all, but prepare volatile salts and then distill so that 
some of the impurities distill away and are collectible in one fraction 
whereas the fuel itself you can collect in another fraction. Com- 
pounds such as uranium hexafluoride and plutonium hexafluoride and 
other volatile fluorides are under intensive investigation. | 

Chairman Duruam. Can you tell us how many places are doing this ; 
type of research at the present time ? 

Dr. Seanora. Yes. The Argonne National Laboratory and the Oak 
Ridge National Laboratory and Brookhaven and the Ames Laboratory 
are all working quite intensively on these approaches. Also, some of 
the other associated establishments like the North American Aviation 
Co. are investigating this important approach. 

The high temperature properties of many substances are being in- 
vestigated in a number of these laboratories and associated contracts. 
This is important to the design of reactors operating at high tem- 
peratures, if high thermodynamic efficiency is going to be achieved. | 
It is also important in the fields of rocketry and thermonuclear power 
that the chairman mentioned earlier. 

We need much more information in the field of high-temperature 
chemistry, basic thermodynamic information, information on the 
properties of materials, and so forth. 
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Work of this sort is going on, but more and important work should 
go on in the future. 

Corrosion is another area that is under intensive investigation. 
Reactors operating at high temperatures lead to corrosive reactions. 
These must be understood. In water-cooled reactors corrosion is a 
problem. Therefore, a broad program of corrosion research is being 
carried on. 

In this connection, a curious laboratory result is that the synthetic 
element, technetium, which dees not exist on earth but is formed in 
reactors and hence is a result of basic research, has been isolated from 
the fission products, and in one of its forms of solution, in the form 
of the pertechnetate ion, inhibits corrosion. 

This was a result, of course, that could not be antic ipated. I don’t 
know how practical it will be in the field because of the limited quan- 
tities of the element, but it apparently has properties superior to any 
other substance that has been found for inhibiting corrosion. 

Chairman Durnam. How long has that element been known? 

Dr. Seazorc. This fact about it has been known about 5 years or 
something of that order. 

Chemists working in the Atomic Energy Commission laboratories 
and in university 1: aboratories are quite interested in isotopic exchange 
equilibria. That is the equilibria between sets of chemical species in 
which the chemical elements are the same but the isotopic composition 
of the elements is different. Such studies give much important scien- 
tific data on rates of reaction, mechanisms of reactions, and so forth. 
They have also led to economic methods for preparing heavy hydrogen 
and other important isotopes important to the Atomic E nergy Com- 
mission’s program. 

The AEC’s program at Oak Ridge for the electromagnetic separa- 
tion of valuable stable isotopes is aided by chemical studies of source 
and target problems. Of course, the whole program of preparation 
of radioactive isotopes, both from the fission product residues and 
by the neutron irradiation of selected materials, has gotten its start 
through the development of chemical separation procedures that would 
not have been possible without the basic studies of many years ago on 
the chemical properties of these elements. Hence, these isotopes would 
not be available for widespread use as they are in biology and medi- 
cine, industry, agriculture, and so forth, if it were not for this large 
backlog of basic chemical information on the properties of the ele- 
ments. 

Then there are many basic and applied research programs in the 
field of radiation chemistry, that is in the study of the effects of radia- 
tion on matter, radiation ‘decomposition of reactor cooling water, 
radiation induced changes in reactor components, matters that are of 
vital importance to reactor operation and safety. In fact, it was a 

radiation induced change in the graphite moder ator which contributed 

to the serious accident in the British Windscale reactor last year. 
Radiation has many important applications in such fields as poly- 
merization, catalysis of chemical reactions, food sterilization, and so 
forth. 

Chairman Duruam. Is that the final conclusion that they made? 

Dr. Szasorc. At the Windscale reactor, yes; that was the conclu- 
sion, that it was the radiation effects in the graphite. 
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Radioactive and stable isotopic tracers are being used in the investi- 
gation of numerous chemical reactions and this includes reaction mech- 
anisms in organic and inorganic chemistry. The elegant job of map- 
ping the photosynthesis process which was described here a year or 
two ago by Professor Calvin is an outstanding example of the use of 
radioactive tracers. So there is a whole broad area of the use of radio- 
active tracers in reaction mechanisms that is being covered in the AEC 
laboratories and in supported contracts. 

Chairman Durnam. Would you hazard a guess as to how much is 
being done in the photosynthesis field at the present time? Is it very 
intensive, or would you say it is kind of halfhearted 4 

Dr. Searorc. I have the i impression that now it is pretty intensive. 

Chairman Durnam. It is primarily being done in the agricultural 
colleges and other places throughout the country. Is it dominant 
there ? 

Dr. Sranore. No. I think it is now more dominantly going on in 
the chemistry departments and biochemistry departments in the uni- 
versities and colleges, although some research institutions are also 
participating. 

It is going on not only in this country, but in Europe and in Russia, 
for example, large programs are being carried on in studying the mech- 
anism of the photosynthesis process. 

There are many investigations in the whole broad areas of organic 
chiantiiate y and inorganic chemistry and physical chemistry, that iter- 
ally cover the entire range of these fields that I do not have time to go 
into, but these are being studied. 

Chemistry offers a powerful tool also for the investigation of the 
nuclear reactions which are induced by neutrons and by charged parti- 
cles in accelerators over the entire range of energy for which accelera- 
tors are now available. The method here i is roughly as follows: 

The target which has been subjected to bombardment can be put 
through a chemical separation procedure by which the transmutation 
products are separated and isolated. Then from the measured yields, 
usually of radioactive nuclides, much can be learned about the nature 
of the nuclear reactions that take place. Much valuable information 
has been learned in this way about nuclear reactions in all energy 
ranges, billions of electron volts, hundreds of millions of electron volts, 
tens of millions of electron volts, and so forth. 

The chemica! techniques are so useful in the investigation of nuclear 
phenomena that a large proportion of the research in this area, espe- 
cially in the area of low-energy nuclear physics is carried on by chem- 
ists. Almost the majority of the work in -energy nuclear physics 
is carried on by chemists. 

This includes work in nuclear spectroscopy; that is, in the precise 
measurement of the alpha, beta, and gamma radiations and the deduc- 
tion of nuclear energy states w hich follows from these measures. 

Also included is the study of the mechanisms of the nuclear reac- 
tions induced by neutrons and by charged particles such as protons, 
deuterons, and helium ions and heavy ions, such as carbon, nitrogen, 
oxygen, and neon ions. 

Special attention is being given to the nuclear fission reaction for 
which no completely satisfactory theory has yet been evolved. 











14 PHYSICAL RESEARCH PROGRAM 


I will not have time to go through what is going on in the individual 
laboratories. I have that in my statement submitted for the record. 
I though I might next briefly give you some examples of unsuspected 
results and practical applications, and then conclude. 


Representative Price. I wish you would, Doctor. Your full state- 
ment will be included in the record. 


(The statement referred to follows :) 


THE ROLE oF CHEMISTRY IN THE ATOMIC ENERGY PROGRAM 


(By Glenn T. Seaborg) 


My statement today will deal primarily with the role of chemistry in the 
atomic energy program, but some of my remarks will apply to other scientific 
fields of importance to this program. It seems appropriate to start with a very 
brief description of this historical role of chemistry to the development of nuclear 
fission. I then propose to make a few remarks concerning the relationship 
between applied and basic research before proceeding to a brief description of 
chemical research which is being supported by the AEC in its own and other 
laboratories. I hope to conclude with some examples of basic research that have 
already led to practical applications and with some thoughts on appropriate 
support for this activity. - 

Chemical science forms a very natural part of the operations of the AEC 
because it has been so intimately connected with every major program of the 
atomic weapons and atomic energy program. Two German nuclear chemists, Dr. 
Otto Hahn and Dr. Fritz Strassman, were in the delivery room when the atomic 
energy program was born into this world in 1939. These two men proved con- 
clusively by chemical methods that uranium undergoes fission when irradiated 
with neutrons and with this very fundamental discovery in basic science, these 
chemists touched off the feverish development activity which has occurred ever 
since. During World War II chemists were responsible for preparing materials 
for the nuclear reactors in the plutonium project and for the development of 
preparative methods for the uranium hexafluoride gas and the barrier materials 
used in the gaseous diffusion separation of U™. Chemists under my direction 
developed the process for extracting plutonium from irradiated uranium; this 
process was worked out with invisible tracer amounts of plutonium, tested with 
almost invisible amounts on an ultramicrochemical scale and immediately, such 
was the urgency of the wartime period, put into service on an industrial plant 
scale. 

In fact, I could go back a step earlier to state that nuclear chemists were the 
first to synthesize Pu’ and U™ in cyclotron reactions and to show their im- 
portance by measuring their high cross sections for nuclear fission when bom- 
barded with slow neutrons. Chemists at Los Alamos played an important role in 
the final purification of uranium and plutonium materials before the final 
metallurgical fabrication of the atomic bomb part. 

When the end of the war came, the Manhattan District had assembled and 
trained a rather remarkable group of chemists, most of them quite young. The 
great majority of these men had never worked with radioactive materials before 
the call of wartime service had plunged them into this unfamiliar type of develop- 
ment work. Many of these men returned to their original scientific fields when 
the war was over, but a surprisingly high percentage of them had become so 
deeply attracted to atomic energy research and development that they have 
remained in the field. 

The delegated responsibilities of the Atomic Energy Commission, created in 
1946, called for an extensive program in chemistry on a continuing basis. There 
are large chemical problems in the extraction of uranium from raw materials, 
the purification of uranium and of many other materials such as thorium, zir- 
conium, beryllium, and graphite, the design of chemical processes for recovering 
Pu or U™ from nuclear reactors, the isolation of valuable radioactive fission 
products, the preparation of components for atomic weapons testing, the diag- 
nosis of reactions occurring in the nuclear weapons tests by radiochemical assay 
methods, the measurement of important nuclear properties by radiochemical 
assay methods, and so on. I could give you a very much longer list of such 
examples. These research problems fall in the classification of programmatic 
research. They are applied research. Many of them, it is true, represent ap- 
plied research of a very unusual type, but nonetheless, they all represent problems 
of a more or less immediately practical nature. 
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IMPORTANCE OF BASIC RESEARCH 


Fortunately the AEC realized very early that it was necessary also to en- 
courage basic research in the broad areas of chemistry, nuclear chemistry, and 
chemical engineering, as well as in other fields such as metallurgy, physics, 
biology, and medicine. Therefore, a part of the funds and manpower used at the 
major laboratories of the AEC, namely, at the Los Alamos Scientific Laboratory, 
the Radiation Laboratory of the University of California, the Oak Ridge National 
Laboratory, the Argonne National Laboratory, the Ames Laboratory of Iowa 
State College, and the Brookhaven National Laboratory, was deliberately devoted 
to a systematic and broad attack on the unknown quantities in the fields of 
chemistry of interest to the Commission. The work in its own laboratories was 
supplemented by additional research carried out under a contract or grant-in-aid 
basis in university laboratories and in privately financed research institutes. 

As the years have passed, the Commission’s program in reactor design and 
operation, in weapons development, and in the application of radioactive mate- 
rials (in research, in industry, in biology, in agriculture, and in medicine) has 
become increasingly more broad and complex. This has meant that the basic 
research effort in chemistry and nuclear chemistry has had to be broadened 
correspondingly. This basic research effort is exceedingly important for many 
reasons. It is one means of assuring that the fundamental information will be 
available to solve a problem which arises in one of the practical programs. It 
is one way to assure that some of our best scientists are free of distracting as- 
signments pertaining to today’s practical problems and have the time to look 
ahead to possible fundamental new understandings of nature which many 
years from now may lead to spectacular new advances. 

The distinction between basic and applied research lies in the motivation be- 
hind the research and the criteria that are applied to determine what work 
shall be undertaken and what changes shall be made in the lines of investigation 
as the study develops. In basic research the motivating force is not attainment 
of utilitarian goals, but a search for a deeper understanding of the universe and 
of the living and inorganic phenomena within it. Its keynote is curiosity, which 
is to be rated with the highest qualities of mankind. However, in actual practice, 
basic research often turns out to be not really different from applied research 
in its real purpose—it is merely applied research with a time delay. It is 
virtually impossible to think of some scientific principle regarded as funda- 
mental to the understanding of natural phenomena which has not been of very 
great significance for the work-a-day world of mankind; often, however, it has 
taken years or decades for this significance to appear. The discovery of natural 
radioactivity at the turn of the century is an outstanding example of this. 

It behooves us also not to limit our support of basic research only to those 
areas which seem to relate to an atomic energy program narrowly conceived. 
We do not wish to be suddenly astonished that other nations have found some 
discovery of great practical significance in a basic research effort where such 
a discovery was unexpected. On a national scale we must be prepared to cover 
all fields of chemistry and of other sciences as well. 

It is important to encourage the development of new ideas even when their 
usefulness seems very remote. One can never predict what important new 
principle may be made evident by a carefully conceived experiment carried out to 
test our ideas of the fundamental nature of matter. One can predict that major 
advances are not very likely from an effort devoted entirely to improvements on 
today’s technology. We hope that the imaginative work of our scientists will be 
so unhindered that many of the major new advances of the future will come from 
our own laboratories; at the very least we hope that the experience of our 
scientists will be fundamental and deep enough to permit them to make an ac- 
curate evaluation of new scientific advances wherever they may occur in the 
world. 

It is important to train students in scientific fields related to the AEC pro- 
gram and to train research workers for industrial leadership. The AEC has 
encouraged and probably should do more to encourage graduate student training 
in fields such as chemistry and nuclear chemistry. Graduate student research 
in a tough field of basic research which forces the student to make personal, 
rolled-up-sleeves contact with the highly perplexing problems of the frontiers of 
research is our best, time-tested method for training personnel for first class 
leadership in government, university or industrial laboratories. 
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I do not believe that I am overestimating the importance of basic research, and 
I think that most people concerned with scientific matters acknowledge its im- 
portance. I think, however, that it is easy to overestimate the amount of sup- 
port which basic research gets if you look only at total expenditures for research 
and development lumped together or at numbers of laboratories engaged in 
scientific work. A major fraction of our basic research is done in its most natural 
home, the university. Only a few—a very few—of our industrial laboratories do 
basic research on any large scale, since only the largest companies can justify to 
their stockholders and managements the expenditures of large sums of money 
for research which does not have a fair chance of paying for itself within a few 
years—say 10 years or less. Even most government laboratories as a rule operate 
with a relatively narrowly conceived set of purposes revolving around service to 
the Nation in the practical problems in a certain area such as agriculture. 

The AEC laboratories as well as a few other federal laboratories, such as the 
National Bureau of Standards, have been more liberal in their support of basic 
research and should be encouraged to increase their support of such research. 
Our country’s security and industrial development now require such ever- 
increasing rapid development in broad areas of technology that it is too much 
to expect our traditional university system of research to keep up with the pace 
without additional support. Furthermore, new information is frequently re- 
quired in problems which require quite costly equipment for the research worker. 
Very few university laboratories can afford the cost of the multimillion dollar 
accelerators now absolutely essential for new advances in nuclear physics. 

I should like now to review a few statistics on the scope of the AEC’s effort 
in chemical research, and to quote a few illustrative examples of the research 
problems now under investigation, and of basic research studies which later 
contributed significantly to the more immediate practical problems of the Com- 
mission’s program. 

The Division of Research is the custodian of the basie research in physical 
science which is sponsored by the AEC. ‘Their budget for fiscal 1958 for re- 
search in chemistry in the AEC laboratories was about $17 million. In addi- 
tion, the division during the same time interval is supporting chemical research 
at educational and other institutions through contracts totaling about $5 million. 


BRIEF REVIEW OF CHEMISTRY PROBLEMS UNDER CURRENT STUDY 


I wish now to turn to a discussion of a number of chemistry programs sup- 
ported by the AEC. I shall speak first about a number of the different types 
of research which are under way and then I shall mention briefly specific chem- 
istry programs in the principal AEC laboratories. I shall cite illustrative ex- 
amples both of applied research and basic research. Many of the chemical ap- 
plications will be easily recognizable as the dividends of basic research carried 
out many years ago. Unfortunately, time does not permit me to discuss any 
of these examples in the detail which would reveal their great interest and 
importance. If any of you would like me to amplify my remarks on any specific 
program I should be quite willing to attempt to do so. 

An area of research in which I have been personally involved since its incep- 
tion is that of the synthetic transuranium elements. These are members of a 
family of elements which includes the natural elements thorium, protactinium 
and uranium, with actinium as the prototype element; this family is known as 
the actinide series of elements. The chemical properties of all members of this 
group, which, of course, includes the important element plutonium, are under 
intensive investigation. The radioactivity characteristics and the neutron re- 
action properties of the transuranium elements are also under investigation by 
chemists. The neutron properties of the plutonium and uranium isotopes have, 
of course, great practical importance. The radioactive properties have especial 
significance for theories of nuclear structure, especially the unified model which 
has been suggested by the Copenhagen school of scientists. The heavier trans- 
uranium nucleides are produced in quantity by neutron irradiation in high flux 
reactors and the information obtained in such studies is of importance to reactor 
design and nuclear weapons testing. 

One very practical result of the study of the basic chemical properties of 
the actinide elements has been the development of engineering methods for the 
industrial-seale isolation and purification of plutonium, thorium, and uranium. 
The method known as solvent extraction is of prime importance in our present 
reactor and ore processing technology. Certain organic liquids insoluble in 
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water have the power, when shaken with an aqueous liquid containing a mix- 
ture of dissolved substances, of selectively removing elements such as plutonium 
from the aqueous liquid and leaving the impurities behind. This property forms 
the basis of industrial processes such as the Purex, the Redox or the Thorex 
processes. The ion exchange method is also very important. In this method 
an insoluble, high-molecular-weight organic polymer upon which the chemist 
has provided loosely-bound ions is contacted with an aqueous solution. Ions 
of uranium or plutonium in the solution exchange places with the loosely bound 
ions on the insoluble resin and hence are removed from the solution and at 
the same time from many contaminating substances. Further purification is 
achieved when the desired element is selectively removed from the resin by 
further treatment with properly chosen chemical complexing agents. Ion ex- 
change processes are very important for processing of uranium and thorium ores, 
processing of reactor fuel elements and for separation of the rare earth elements 
and these processes show increasing applications to industrial problems far 
removed from the AEC’s reactor program. 

Volatility and pyrometallurgical methods for nuclear fuel processing are less 
well developed but are attractive because they offer the most hope for substantia¥ 
cost reductions in the production of nuclear power. The properties of volatile 
UF; and PuF,; and the preparation of volatile fluorides by new fluorinating 
agents like BrF; have been and are being investigated. Liquid metal-metal and 
metal-salt extraction schemes, including the thermodynamic and phase diagram 
characteristics of many interesting system, are being studied. The high tem- 
perature properties of many substances are being investigated since it is im- 
portant to design reactors operating at high temperatures if high thermo- 
dynamic efliciency is to be achieved. 

Corrosion is another study of great importance for reactor design particularly 
at high operating temperatures, but also in water-cooled piles; hence, a broad 
program of corrosion studies is carried on. A curious laboratory result of po- 
tential importance is the observation that the synthetic element technetium, 
one of the fission products, strongly inhibits the corrosive properties of aqueous 
solutions on metals when it is in the form of pertechnitate ion. 

Chemists working in AEC laboratories and in university laboratories under 
AEC contract are quite interested in isotopic exchange equilibria—that is the 
equilibria between sets of chemical species in which the chemical elements are 
the same but the isotopic composition of the elements is different. Such studies 
give much important scientific data on rates of reactions, mechanisms of re- 
actions, etc. They also have led to economic methods for preparing heavy hy- 
drogen and other important isotopes. 

The AEC’s program at Oak Ridge for the electromagnetic separation of valu- 
able stable isotopes is aided by chemical studies of source and target problems. 

The AEC is interested not only in stable isotopes but is deeply involved in 
the purification and separation of radioactive isotopes including fission products 
and isotopes prepared by special neutron irradiations. These separations would 
not be possible without the basic studies of many years ago on the chemical 
properties of these elements and hence the isotopes would not be available for 
widespread use in biology, medicine, industry, and research. 

There are many basic and applied research programs in the field of radiation 
chemistry, that is, the study of the effects of radiation on matter. Radiation 
decomposition of reactor cooling water and radiation-induced changes in re- 
actor components are of vital importance to reactor operation and safety. It 
was radiation-induced changes in graphite moderator which contributed to the 
serious accident in the British Windscale reactor last year. Radiation has many 
important applications in such fields as polymerization, catalysis of chemical 
reactions and food sterilization. 

Radioactive and stable isotopic tracers are being used in the investigation of 
numerous chemical reactions. This includes many reaction mechanisms in 
organic and inorganic chemistry. The elegant job of mapping the photosynthesis 
process, which was described here by Professor Calvin a year or two ago, is an 
outstanding example of this type of investigation. 

There are many investigations in the broad areas of inorganic, physical, and 
organic chemistry that literally cover the entire range of these fields. 

Chemistry offers a powerful tool for the investigation of the nuclear reactions 
which are induced by neutrons and the charged particles in accelerators over the 
entire range of energy for which accelerators are now available. The target 
which has been subjected to bombardment can be subjected to chemical separation 
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procedures by which the transmutation products are separated and isolated, 
and from the measured yields, usually of radioactive nuclides, much can be 
deduced about the nature of the nuclear reactions that take place. Much 
valuable information concerning nuclear reactions in the Bev energy range 
as well as in the energy range of 100’s and 10’s of Mev, and even lower energies 
is obtained in this manner. 

The chemical techniques are so useful in the investigation of nuclear pheno- 
mena that a large proportion of the research in the area of low energy nuclear 
physics is carried on by chemists. This includes work in nuclear spectroscopy, 
that is, in the precise measurement of the energy of the alpha, beta, and gamma 
radiations from nuclei, and in the deduction of the nuclear energy states which 
follows from these measurements. Also included is the study of the mechanism 
of nuclear reactions induced by neutrons, protons, deuterons, helium ions and 
heavier charged particles such as carbon, nitrogen, oxygen and neon ions. 
Especial attention is being paid to the nuclear fission reaction, for which no 
completely satisfactory theory has yet been developed. 

I shall now go on to consider the research programs at the principal individual 
AEC laboratories. 


CONTRIBUTIONS OF INDIVIDUAL AEC LABORATORIES 


The Radiation Laboratory at the University of California, Berkeley, the 
laboratory with which I am associated, is the oldest laboratory now supported 
by the AEC, having been established with State and private funds before the 
war, more than 20 years ago. This laboratory is an integral part of the Uni- 
versity of California and a very important feature is the training of about 130 
graduate students in physics, chemistry, and life sciences that carry on their 
thesis research work there. The Radiation Laboratory is a result of the inven- 
tion of the cyclotron at Berkeley by E. O. Lawrence; he has been its director 
since the beginning, and the work of the laboratory today is based in large 
measure upon a half-dozen accelerators of various types and energy ranges. 
Besides its work in high-energy physics, a program of research is carried on in 
low-energy physics, mostly by chemists, a circumstance which is a good illus- 
tration of the tenuous borderline between physics and chemistry. All of the 
accelerators, both in the low- and high-energy ranges, are utilized by the chemists 
in their broad program of investigation of nuclear reactions through chemical 
techniques. The laboratory has traditionally carried on a program of investi- 
gation of the transuranium elements; University of California scientists have 
been involved in the discovery of nine of these elements. Of especial interest 
from the standpoint of the search for even heavier transuranium elements is the 
heavy ion linear accelerator (Hilac) which has just recently gone into operation. 
Thus the program includes a thorough investigation of the chemical and nuclear 
properties of these actinide elements. 

An extraordinary program of ultramicrochemical investigation of these ele- 
ments using microgram amounts of material is carried on by B. B. Cunningham, 
the first man to visually observe a synthetic element, which occurred during the 
war when he first isolated plutonium in pure form in amounts sufficient for 
microscopic examination. The chemistry group also has a broad program of 
investigation in beta and gamma ray spectroscopy and Professor I. Perlman’s 
work on alpha ray spectroscopy is rated among the two or three best programs 
in the world. These programs in nuclear spectroscopy give much information 
on nuclear energy states and nuclear models such as the shell model and the 
unified model of A. Bohr and B. Mottelson, a field to which J. O. Rasmussen, who 
will speak to you tomorrow, has devoted much attention. Also associated with 
the laboratory are groups working on high temperature and fundamental in- 
organic chemistry and Professor M. Calvin’s group working on photosynthesis. 
An extremely important part of the Radiation Laboratory is the weapons project 
which was established at Livermore in 1952; this laboratory was staffed in large 
part by Ph. D. graduates and other scientists from Berkeley and has H. F. York 
as director, with K. Street in charge of the chemistry division. The basic chem- 
ical research is similar to that of Berkeley, but, in addition, much practical work 
is carried on in connection with weapons design and fabrication, and in nuclear 
chemical diagnostic tests of weapons performance. 

The second oldest AEC laboratory is the Argonne National Laboratory at 
Chicago, an outgrowth of the wartime Metallurgical Laboratory of the Man- 
hattan District’s Plutonium Project. It began operations under the direction of 
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A. H. Compton, who was followed after the war by W. H. Zinn and recently by 
N. H. Hilberry as director. The laboratory has been traditionally a leader in the 
development of reactors, ever since the first successful production of the nuclear 
fission chain reaction there on December 2, 1942, under the direction of E. Fermi. 
The laboratory’s tie-up with a midwestern group of universities facilitates a 
broad program of student training, and it also participates in national and inter- 
national training of scientists in the field of atomic energy. 

The chemistry group there, which had its beginning under my direction dur- 
ing the war, has been under the direction of W. M. Manning ever since the end 
of the war and is carrying on a broad program of basic and applied research. The 
plutonium-extraction process was conceived and worked out and two of the 
transuranium elements were discovered there during the war; the laboratory 
has carried on this tradition of work in the transuranium field. Research in this 
area includes a study of the chemical and nuclear properties of the actinide 
elements and has included participation in the discovery of some of the heaviest 
of these elements. Solvent extraction now widely applied as a method of chemi- 
cal processing of plutonium, uranium, and thorium, had its origin in this lab- 
oratory ; it has traditionally maintained a strong program in the basic chemistry 
behind plutonium processing as well as in the chemical engineering investigation 
of many types of processing methods. D. F. Peppard will report here Wednesday 
on some of their basic research on solvent extraction methods. The fluorine 
volatility approach of J. J. Katz and coworkers is noteworthy, as is the pyro- 
metallurgical research, which may be the No. 1 method of the future, in that it 
may bypass the expense of dissolution of reactor fuels and re-reduction of the 
fuel to the metallic form. This laboratory has maintained a continuing program 
of investigation of the nuclear fission reaction, a field which is of special interest 
to J. R. Huizenga, who will talk to you tomorrow. Important studies in beta 
and gamma ray spectroscopy and in solid state physics and radiation chemistry 
of reactor materials is carried out by a part of the chemistry division under the 
direction of O.C. Simpson. Organic chemistry is a part of the program, including 
tritium labeling of important compounds. Important thermodynamic investiga- 
tions, including measurements on the interesting He*® isotope, and work by E. J. 
Hart, who will speak here tomorrow, on the effect of radiation on matter, are 
also part of the program. 

The next AEC laboratory to be established was the Ames Laboratory at Iowa 
State College, Ames, Iowa; it has been under the direction of chemist F. H. 
Spedding since its inception. Although this is the smallest of the laboratories 
supported by the AEC, it has been extremely effective throughout its entire life. 
This laboratory is thoroughly integrated into the Iowa State College structure, 
and thus also performs the important function of training graduate students; 
it is one of our country’s leading centers for training in the important field of 
metallurgy, one of the areas where the shortage of qualified scientists is particu- 
larly serious. This laboratory played a key role in furnishing uranium metal for 
the reactors at Chicago, Oak Ridge, and Hanford during the war. It has con- 
tinued to play an important role in uranium and thorium and other important 
metallurgical developments. Another field in which the laboratory has been out- 
standing has been that of rare earth chemistry; this program has included the 
production, especially by ion exchange techniques, of rare earth elements for other 
laboratories throughout the country and the development of methods for use in 
their subsequent commercial production. The work of this laboratory on ion 
exchange has been particularly noteworthy; J. E. Powell will report on this on 
Wednesday. 

The Los Alamos Scientific Laboratory was established early in 1943 and has 
been operated by the University of California since its inception under the direc- 
tion of J. R. Oppenheimer during the war and under N. E. Bradbury since that 
time. This, of course, is the original nuclear weapons laboratory and has relied 
on a strong program of chemical research from the beginning. Much of the 
chemical research is of an applied nature in such areas as weapons design and 
fabrication and diagnosis of weapons testing. However, as in the Livermore 
Laboratory, a program of basic research in chemistry has been carried on under 
the direction first of J. W. Kennedy during the war, than E. R. Jette, and more 
recently, R. D. Fowler. The chemistry of plutonium has been investigated con- 
tinuously, beginning with the earliest days when urgent practical problems had 
to be solved. The interest in transuranium chemistry has continued, with the 
result of especially important contributions to americium and curium chemistry 
and participation in the discovery of einsteinium and fermium. The laboratory 
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has traditionally been, and continues to be, a leader in the basic nuclear chem- 
istry of the nuclear fission process. 

The Oak Ridge National Laboratory in Tennessee is the outgrowth of labora- 
tories which had their inception late in 1943 for the support of the Manhattan 
District’s Plutonium Project, as well as the Gaseous Diffusion Project and the 
Blectromagnetic Separation Project for the production of separated U™. H. C. 
Urey and his group played a decisive role in the Gaseous Diffusion Project, as 
did E. O. Lawrence and coworkers in the Electromagnetic Separation Project, 
and A. H. Compton and coworkers in the Plutonium Project. The Oak Ridge 
National Laboratory as presently constituted is under the direction of A. M. 
Weinberg. A broad program of training of scientists is featured in the associ- 
ated Oak Ridge Institute of Nuclear Studies. It has, like the Argonne National 
Laboratory, traditionally played, and continues to play, a leading role in the de- 
velopment of nuclear reactors. Its chemical program covers a wide gamut of 
applied and basic research under the direction of men like G. BH. Boyd, E. H. 
Taylor, and M. A. Bredig. Particularly strong is the applied chemical engineer- 
ing as well as the basic chemistry investigative program on nuclear fuel process- 
ing by solvent and other methods. Similarly, an impressively imaginative pro- 
gram in raw material ore processing and extractive metallurgy for many ele- 
ments of industrial importance has been a specialty. Well known, of course, is 
the laboratory’s program of world-wide distribution of radioactive isotopes for 
tracer and medical diagnostic and therapeutic use; in a similar category is their 
production of stable isotopes for wide distribution and use in research. Both of 
these activities have required an outstanding program of basic and applied chem- 
ical research. The synthetic elements technetium and promethium were both 
isolated here for the first time and have been thoroughly investigated here. The 
broad program also includes nuclear spectroscopy, atomic structure studies, inves- 
tigation of transuranium elements, radiation chemistry, organic chemistry, the 
chemistry of corrosion as well as fine research in inorganic chemistry and ion 
exchange reactions. H. A. Levy will report here Wednesday on his neutron 
diffraction studies and R. Livingston will report on his microwave spectroscopy 
program. 

A postwar addition to the list of laboratories operating with AEC support is 
the Brookhaven National Laboratory at Long Island, New York, operated by 
Associated Universities, Inc., under the direction of L. J. Haworth. This labora- 
tory also has a program of graduate student training in connection with the uni- 
versities that are associated with it. The chemistry division has been under the 
direction of R. W. Dodson since the inception of the laboratory. A prominent 
feature of this laboratory is the high-energy accelerator, the cosmotron, which 
accelerates protons to billions of volts energy. The program of chemical investi- 
gation of nuclear reactions with this machine, under the leadership of G. Fried- 
lander, who will speak to you tomorrow, is outstanding. The chemistry group 
also features the use of radioactive tracers for the investigation of inorganic 
chemical reaction mechanisms, a field which is Dodson’s own specialty. The 
work of J. Bigeleisen, who will report here on Wednesday, on isotopic exchange 
equilibria is also noteworthy both for its basic scientific interest and its quite 
considerable importance to atomic energy. Another field under intensive inves- 
tigation is that of the chemical effects of radiation; A. O. Allen will report to 
you tomorrow on this work. The laboratory also has a program of basic and 
applied research in the processing of nuclear fuels, especially in the promising 
fields—from the long-range point of view—of metallurgical and pyrochemical 
processing. 

AEC CONTRACT RESEARCH 


In addition to work in its own laboratories, the AEC supports research in chem- 
istry through unclassified research contracts at numerous universities and col- 
leges throughout the country. N. Sugarman and A. Turkevich at the University 
of Chicago investigate by radiochemical techniques the nuclear reactions occur- 
ring in targets bombarded with the 450 million volt particles accelerated in the 
university’s cyclotron. P. W. Gilles at the University of Kansas has a program 
in the very important field of high-temperature chemistry ; he will report to you 
on Wednesday. This is a particularly vital field in that so many future develop- 
ments in the fields of nuclear reactors and rocketry depend on the availability of 
much more fundamental data in this area. Contracts in effect at M.I.T. have 
supported research in the chemical characteristics of important fission product 
elements, on the investigation of mineral ages by the determination of the iso- 
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topic abundances of strontium, calcium and argon, and on new techniques in ore 
treatment. At Rensselaer Polytechnic Institute a study of solvent extraction has 
been supported. Nearly 200 such AEC Research Division contracts in chemistry 
are in effect. 


UNEXPECTED AND PRACTICAL APPLICATIONS OF A LONG-RANGE PROGRAM OF BASIC 
RESEARCH 


The importance of this broad-scale support of basic investigation of chemical 
problems can be illustrated by a couple of striking examples. During the war, 
chemists in the Manhattain District did some fundamental thinking about the 
ion-exchange adsorption method for the separation of inorganic ions. This think- 
ing led to the conception of the selective elution method based on a carefully 
balanced competition for a given chemical ion by the ion-exchange resin and 
a complexing agent insolution. The basic idea was very simple once it was for- 
mulated but it also was very fundamental and its application to a very wide 
variety of practical problems later came about by straightforward development 
work. At the presnt time, ion exchange is widely used in concentrating solutions 
of plutonium, enriched U* or U™. It is widely applied for the preparation of 
pure process waters and the decontamination of large volumes of radioactive 
waste. Ion-exchange elution methods are used for the commercial production of 
rare earth elements. lIon-exchange processes of many types are in use for urani- 
um ore processing. A particularly interesting example is the process developed 
for the removal of uranium from the old South African gold field residues. 

By steady work since 1940 we have accumulated chemical data on several syn- 
thetic transuranium elements and nuclear information on many dozen isotopes 
cf these elements. It was obvious that we needed information on Pu®™ because 
we could make bombs from it, but it was not at all clear that we needed to know 
anything about the others. No one could have foreseen the great importance 
which some of the rarer transplutonium isotopes now have in classified problems 
in the weapons program. An unclassified matter of which I can speak developed 
very suddenly in the analysis of the dust samples collected from the fallout of 
the November 1952 “Mike” thermonuclear test shot. Two new elements, the ones 
we now call einsteinium and fermium, were discovered. The formation of these 
elements was totally unexpected and gave an important confirmation of the power 
of the blast and of the neutron reactions going on in its center during the first split 
second. But these elements would not have been noticed and to this day we 
would not know of their formation in this fashion if the groundwork for the 
chemical and nuclear analysis had not been laid by meticulous, prolonged study 
of basic properties of all possible transuranium element isotopes. 

The announcement of formation of very heavy element isotopes in the “Mike” 
explosion contributed to scientific knowledge in another very unexpected way. 
A group of our leading astrophysicists read of these discoveries and were 
particularly struck by this demonstration of element synthesis by instantaneous 
multiple-neutron capture because Similar processes had frequently been invoked 
to explain the evolution of certain stars. They were also intrigued by the 
properties of one isotope—californium-—254—which was formed in the “Mike” 
explosion and decayed by spontaneous fission with a half life of 55 days. These 
astronomers had puzzled over the fact that certain rare types of exploding 
stars—the so-called supernovae type I—decreased in light intensity after the 
explosion with a half life of 55 days. With this sudden unexpected inspiration 
they were able to construct a very logical explanation for the mechanism of 
explosion of the supernovae and to show that nature’s program for the synthesis 
of Cf™ makes the AEC program look very puny indeed. 

If I may select another example which is more strictly chemical in nature, 
I would like to mention the hydrides of boron. The compounds consisting of 
various combinations of boron and hydrogen were laboratory curiosities for 
some decades because they were highly reactive explosive compounds with no 
particular uses and, furthermore, they were extremely troublesome to prepare. 
A German chemist named Alfred Stock pioneered in their study during the 
1920’s. Professor Schlesinger at the University of Chicago and his student, A. B. 
Burg, now of the University of Southern California, took up their study in 
the 1930’s and over a period of years built up our knowledge of this field. In 
the early part of the war, it appeared that boron and hydrogen combined with 
uranium might make a volatile compound useful in the gaseous diffusion sepa- 
ration of U™ so a considerable flurry of interest developed. This died down 
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when UF. was chosen for the separation process. About the end of the war and 
since the war, however, the devoted painstaking work of Schlesinger and his 
coworkers extending over approximately two decades began to pay dividends. 
The boron hydrides and borohydride salts proved to be excellent portable sources 
of hydrogen. Derivatives such as sodium borohydride, lithium borohydride, and 
particularly lithium aluminum hydride proved to have such convenient and 
specific properties for the reduction of organic compounds that they have be- 
come standard reagents in organic chemical research and in the industrial pro- 
duction of pharmaceuticals and other fine chemicals. 

The high energy release in the reations of the boron hydride class of com- 
pounds suddenly has become very important for rocket fuels and many of the 
exotic fuels of which we hear so much depend for their power on the breaking 
of boron-hydrogen chemical bonds. In the field of AEC’s interest there are 
classified problems in which the combination of an element of low atomic 
number (which boron is) and hydrogen is important. It took many years be- 
fore the potentialities of the compounds of boron and hydrogen were revealed 
and we can be happy that research scientists such as Professor Schlesinger 
perserved in their basic studies for the long years before these potentalities be- 
came apparent. 


PROPER BALANCE BETWEEN PROGRAMMATIC AND BASIC STUDIES 


This concludes my hurried review of chemical problems under study by the 
AEC. I have failed to mention many matters which another spokesman might 
have included simply because the program is too large to be covered exhaustively 
in a few minutes. You have noticed no doubt that the program of each labora- 
tory is a mixture of very immediate practical problems backed up by studies of a 
more fundamental nature. A laboratory which is preparing a flow-sheet for the 
extraction of industrial amounts of plutonium from reactor fuel elements will 
also be studying the fundamental nature of the solvent extraction process. It 
is a ticklish problem to maintain a proper balance between these dual purposes. 
There is always a steady pressure to divert manpower to the practical applica- 
tions. Problems arise which seem to have a particular urgency and the tempta- 
tion to put things on a “crash” program basis may seriously compromise the 
long-range goals of the research. Basic research is a somewhat fragile thing 
requiring a sympathetic management and the faith that long-term progress will 
be more marked if the basic research staff is encouraged to approach its re- 
search with a more relaxed attitude and without the necessity of showing great 
progress over a short-term period. 

Each of our laboratories have their own organizational devices for handling 
this problem and each has, I think, been moderately successful in fulfilling di- 
verse functions. I believe also that many of our men who are active participants 
in one of the applied programs over a many-year period may be helped greatly 
by a change of assignment preferably into one of the basic research programs 
for a short period, say 6 months to 1 year. This reprieve from his routine duties 
will serve to acquaint him with recent developments of a fundamental nature 
which may be of importance to him. It will help to transfer information and 
know-how both ways between groups; I have served on the research review 
boards of several laboratories and of separate branches of individual laboratories 
and am frequently amazed at the long periods of time which elapse before highly 
useful techniques diffuse from one group to another even when the techniques are 
fully covered in publications. At the Radiation Laboratory we are testing on 
a small scale a “sabbatical” system of reassignment of chemists from the Liver- 
more weapons program back into the Berkeley basic research program. 


FINANCIAL SUPPORT 


I hope that a few words on the financial support of this research program and 
basie research more generally are in order. The total budget in fiscal 1958 for 
the Division of Research to support research in all fields—mathematical, physi- 
cal, chemical and metallurgical—is about $70 million. We in the field have 
learned from the last 10 years’ experience that, owing to the steadily increasing 
cost of doing things, an increase of 10 percent per year is required in order to 
just maintain level. When to this factor is added the pressure of natural expan- 
sion, a number of laboratories have found themselves in a tight spot financially. 
As a member of the AEC research team that is on the firing line, I feel that I am 
speaking for most of my colleagues when I say that an immediate increase of 
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about 50 percent in this overall operating budget would be extremely worth 
while in terms of increased output with already available facilities. 

Along with increase in operating budgets, it is important that some increase 
in capital expenditures be considered. Part of this could be earmarked for new 
laboratory space. Another part of it could be set aside for procurement of ex- 
pensive items of equipment which are becoming increasingly important for new 
advances—items such as electronic computers, mass spectrometers, X-ray equip- 
ment, and particle accelerators. Speaking for my own specialty of nuclear 
chemistry, I feel strongly that the next wave of advance in the transuranium 
element field will occur in that country which first operates a research reactor 


with central fluxes substantially greater than are those available from reactors 
now operating. 


I am referring to reactors with fluxes of the order of 10% or 10%* neutrons 
per square centimeter per second. This increase in flux of a factor of 3 to 30 
will not be easy to achieve but it is essential if we expect to push our knowledge 


of these elements to the ultimate limit. I am pleased that the AEC has plans 
for the construction of such a reactor under way. 


Speaking more broadly about our country’s program of basic research as a 
whole, you will recall that I earlier implied by feeling that there is a general 
tendency to overestimate the amount of support that basic research receives 
when we think of our total national budget—estimated as some $5 billion—for 
basic and applied research and engineering development in industry, Govern- 
ment, and universities. However, only some 5 percent of that total, depending 
on the definition that we apply, can be classified as basic research, giving us a 
total budget in this area of $250 million or less. I feel sincerely that our coun- 
try should somehow increase this budget, upon which our future existence de- 


pends, by 50 to 100 percent within the next few years. 

Dr. Seazore. I have mentioned 1 or 2 examples of the use of ion 
exchange already, and the basic work on that. 

Representative Price. We will have a detailed presentation on that 
later in the hearing? 

Dr. Seanore. a The work on the heavy isotopes, or the trans- 
uranium elements, has lead to an unexpected finding in the Mike 
thermonuclear explosion in November 1952, the first such explosion, 
where the two new elements, einsteinium and fermium were found for 
the first time. The formation of these elements was totally unex- 
pected and gave an important confirmation of the power of the blast 
and the neutron reactions going on in its center during the first split 
second. 

A very unexpected and interesting, although not a practical ap- 
plication of formation of very heavy elements in the Mike explosion, 
contributed to scientific knowledge concerning the stars. A group of 
leading astrophysicists read of these discoveries and were particularly 
struck by the demonstration of element synthesis by instantaneous 
multiple neutron capture because similar processes had been postu- 
lated in stars for the synthesis of chemical elements. They were in- 
trigued by the properties of one isotope, californium-254, which was 
formed in the Mike explosion and decayed by spontaneous fission with 
a half life of 55 days. 

These astronomers had puzzled over the fact that certain rare types 
of exploding stars decreased in light intensity after the explosion with 
a half life of 55 days. 

To make a long story short, they have decided that in these super- 
novae, the energy production, consists of the spontaneous fission of 
this isotope, californium-254, which was found for the first time in 
the Mike explosion and hence gave this tie-in with ae oe 

I will rely on my written statement to give you my other example, 
another interesting case involving the compounds between boron and 
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hydrogen where work has gone on by Professor Schlesinger and 
others, who for many years have laid the complete groundwork for 
the understanding of these compounds which have now taken on im- 
portance in the fields of high-energy fuels, rocketry, and so forth—— 

Representative Pricr. Doctor, I think we have been told, since you 
have mentioned fuel, that we have reached the point where there are 
no combinations of fuel that you can develop. Is that correct, that 
there are no unknown combinations? 

Dr. Szazore. It would depend, I suppose, how broadly I would take 
the question. There are certainly unknown combinations within the 
chemical area; that is, there are unknown chemical fuels to be found. 
I would say that is certainly true. 

Representative Price. In other words, basic research still enters 
into the picture ? 

Dr. Szazpore. Yes. 

Representative Price. Although it was stated that we have reached 
about the final point of discovery of new combinations for the pro- 
duction of fuel ? 

Dr. Sxazora. I think there are useful chemical fuels yet to be found. 
The statement has been made that you cannot increase the energy by 
an order of magnitude. That is probably true when you stay within 
the range of chemical forces. 

Representative Price. To increase the efficiency of the combina- 
tion? Do you think we have reached that point? 

Dr. Szasorc. No. I think it is still possible to find more efficient 
fuels and chemical fuels that are in one way or another more useful 
and that would fit into a device in better form, and so forth. 

I was going to conclude with some remarks on the total budget. I 
rather started with that. The total budget for the Division of Re- 
search of the Atomic Energy Commission in fiscal 1958, the present 
year, is about $70 million. 

We feel from the last 10 years’ experience that, owing to the steady 
increase of the cost of doing things, an increase of 10 percent a year is 
required in order to remain level. 

Representative Price. The normal rate of progress? 

Dr. Szanorc. Yes; just to keep level. The increased cost is about 
10 percent a year. When to this factor is added the pressure of 
natural expansion, a number of AEC laboratories have found them- 
selves in a tight spot financially. As a member of the AEC research 
team that is on the firing line, I feel that I am speaking for most of 
my colleagues when I say that an immediate increase of about 50 
percent in this overall operating budget would be extremely worth- 
while. 

Representative Price. This is just for the Atomic Energy Com- 
mission research ? 

Dr. Szasorc. Yes. I am now back to the Atomic Energy Com- 
mission. 

Representative Price. Are you going to touch on the overall? 

Dr. Seanora. Yes. I was going to end with that in just a moment. 
I think this 50-percent increase would be needed in just working with 
available facilities. 

Representative Price. Are you pressed for space in addition to 
money ? 
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Dr. Szasorc. Yes. That is what I was going to mention next. We 
in the field think that we could use this much more money efficiently 
with available facilities. But along with the increase in operating 
budgets, I believe that we need some increase in capital expenditure. 
Part of this could be earmarked for new laboratory space. Another 
part of it would be used for the procurement of expensive items of 
equipment which are becoming increasingly important for new ad- 
vances; items such as electronic computers, mass spectrometers, X-ray 
equipment, accelerators, and so forth. ; 

Speaking for my own specialty of nuclear chemistry, I feel that 
the next wave of advance in the transuranium element field will oc- 
cur in that country which first operates a research reactor with cen- 
tral fluxes substantially greater than are those available from reactors 
now operating. 

I am referring to reactors with fluxes of the order of 10*° or 10*° 
neutrons per square centimeter per second. 

Chairman Durnam. What are they now? 

Dr. Seazore. The best is a few times 10%. Much of the work that 
is going on in this field has reached a sort of ceiling or at least it can- 
not be carried on except on a very longtime scale, unless we get into 
this new area of high fluxes. 

Chairman Durnam. What size are you working on in your labora- 
tory at present time; that is, the fluxes ? 

r. Seagore. Something like 10” or 10'* neutrons. In other words, 
increase by a factor of 10 to 30 or something like that, I believe, 
would be needed. This inc rease in flux of a factor of nearly 10 to 
30 would not be easy to achieve, but it is essential if we expect to 
increase our knowledge in this field to the ultimate limit. I am 
pleased that the Atomic Energy Commission has, I believe, plans for 
the construction of such a high-flux research reactor in the near 
future. 

Chairman DurHam. Just one, though. 

Dr. Srazore. One, yes. I think they have on the way—but I do 
not know on what time scale—a reactor known as the Mighty Mouse 
reactor at the Argonne National Laboratory. 

Chairman Duruam. It costs about $100 million ? 

Dr. Szasnora. No. The Mighty Mouse is inexpensive. 

Chairman Durnam. I am not talking about that. I am talking 
about the other one. 

Dr. Sranore. The other one at Oak Ridge? 

Chairman Durnam. That is right. 

Dr. Srasorc. Yes; there is one. I do not know how completely 
that has been engineered. I have heard figures as high as $100 mil- 
lion. I have heard that the other one—Mighty Mouse—is as cheap as 
$25 million to $50 million, or something like that. I really believe 
that a reactor of this sort—either one—is needed in order to make 
progress in this and other fields. 

Chairman Durnam. You need that across the board you might say 
for research, in commercial reactors and everything else ? 

Dr. Sranorc. Yes. It will help in everything, basic and applied 
research. 

Representative Price. Doctor, you stated how badly you are pressed 
for space and equipment—how about quarters for the people who have 





i 

i 
ia) 
! 

i 


sce Et CE TELE IOI 


a Ti 








26 PHYSICAL RESEARCH PROGRAM 


to work in these projects? Are they adequately housed in the various 
laboratories ? j 

Dr. Szazorc. From what I have seen in these laboratories, I think 
that many of them can use additional space. That is, additions to 
their buildings. I am not sure whether that answers your question. 

Representative Price. Are there any areas where scientists whom 
we attempt to attract to these programs are in locations where you 
have housing problems? 

Dr. Srazore. I don’t think so. There are just the normal housin 
problems that face the American people in general. I don’t think 
there is anything special there. 

Representative Price. You have no isolated areas in which you 
are working where you are concerned too much about that? 

Dr. Szazore. I don’t think there is anything special in that area. 
I am not too sure about Los Alamos or Oak Ridge. I am quite sure 
that in other areas there is nothing special that faces the scientists or 
engineers. 

Chairman Durnam. Do you see, Doctor, in the field of trained 
chemists in this field of basic research going to be in a scarce condi- 
tion or are they going to be plentiful? Would you comment on the 
next few years? 

Dr. Srasore. I think they are going to be scarce. We are facing a 
shortage of the type of scientists and engineers that we want. I also 
view with optimism the prospects for alleviating this. I see in the 
schools now a turn toward science and it seems to me that we are 
going to come up with an adequate supply, if we keep working the 
way we seem to be and give support. 

Chairman Duruam. In your opinion, there will have to be an ac- 
celerated program throughout the universities in this country ? 

Dr. Seazora. I definitely think so. 

Representative Price. Doctor, in your own judgment, percentage- 
wise, how much would you estimate our efforts in basic research 
throughout the country in all fields should be accelerated ? 

Dr. Seasora. I have put the figure of 50 to 100 percent in the over- 
all field, touching all areas. I said that I would estimate, according 
to my definition of basic research, that about 5 percent of our $5 billion 
that goes into research and development is in the basic research area. 
I sincerely feel that our country could increase this and should in- 
crease this, upon which our very future depends, by some 50 to 100 
percent as soon as possible. 

Representative Price. What percentage of the basic research effort 
is vital to national security or is concerned with national security ? 

Dr. Sranora. I think if we put national security together with 
continued technological advance, which our whole economy seems to 
depend on now, I would put that at a very high percentage, 50 to 100 
percent. Again, it would be difficult to estimate. 

Representative Price. A minimum of 50 percent of all basic re- 
search would be involved in our national security ? 

Dr. Seasore. I think so; yes. 

That completes my statement. 

Chairman Durnuam. Doctor, you say your increase in this basic 
research field is based on the opinion, or is it or is it not, that it is 
going to be done throughout the world and we kind of see ourselves 
in a race regardless of whether we want to be there or not ? 








US 


nk 


on. 
om 
rou 


‘ou 


ea. 
ure 


ed 
di- 
the 


ra 
lso 
the 
ire 
the 


ac- 
Ze- 
ch 
er- 
ng 
on 
ea. 
in- 
ort 
y 

ith 
00 


PHYSICAL RESEARCH PROGRAM 27 


Dr. Szazorc. That is right. That is an important factor, but as 
I indicated, I am thinking not only of the wartime potential but the 
need for it in a peacetime economy. As a nation, we have become 
geared to continued technological advance, and I believe we just have 
to continue and expand our basic research for that reason as well. 

Chairman Dursam. When you speak about basic research being 
50 percent for the security of our country, which it properly is, does 
not a lot of that flow into the economic life of the ordinary private 
enterprises and universities and everything else in this country ? 

Dr. Szasore. Yes. 

Chairman Durnam. A large percentage of it? 

Dr. Szazore. Yes. 

Chairman Duruam. So we are not, in effect, spending all that money 
_ for one thing. After all, we benefit from it just as we did after 
the war. 

Dr. Srazora. It just feeds back into the whole economy. In fact, 
the economy, as I indicated, has become dependent upon it. 

Chairman Duruam. Some of it we lock up, unfortunately, in secret 
documents in this country. 

Dr. Szasore. Yes. 

Chairman Duruam. Some of us do not like that too well. I think 
we are opening up those fields a little more than we did a few years 
ago. Asascientist, would you care to comment on whether or not you 
feel that there is more or less at the present time that stems directly 
from military expenditures for developing something like this whole 
atomic-energy program? We spent that money primarily for mili- 
tary purposes for a good many years. But now it is beginning to flow 
out into the economy stream. 

Dr. Szazorc. That is right. But I think as a Nation we should ear- 
mark more of it now directly for basic research. I think that is in a 
way the burden of my remarks. Let’s not have it come as a byproduct 
of the military expenditures, and so forth. 

Chairman Durnam. Do you think that would be a better approach ? 

Dr. Seazore. Yes. 

Chairman Durnam. I think I agree with you. 

Representative Price. Mr. Hosmer? 

Representative Hosmer. In mentioning the possible future short- 
age of scientists, what you described as “the kind of scientist we want,” 
do you mean by that with respect to technical training or with respect 
to a devotion to the work ? 

Dr. Seanorc. I was thinking of the intellectual capacity and good 
scientists. I had in the back in my mind these newspaper stories that 
you hear that there is no shortage of scientists or engineers because 
some plant has closed out a defense contract of some sort and put 200 
engineers on the market and not all of them could find jobs immedi- 
ately. I think that will always be true. Some of the older engineers 
and those at the bottom of the list in ability will always be in plentiful 
supply. This does not mean that we don’t have a shortage of the 
type of scientists and engineers that we need and want. That is what 
I meant by that remark. 

Chairman Durnam. I might say at that point, Mr. Hosmer, I don’t 
know whether it is generally known, but he is a Nobel Prize winner, 
so I think he can speak with authority. 
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Representative Hosmer. I wondered if there was an element of psy- 
chological motivation that goes to make up the kind of man you want 
for your program. 

Dr. Srazora. Yes, that is very important. 

Representative Price. Thank you very much, Dr. Seaborg. The 
committee certainly appreciates your appearance here this morning 
and you made a fine presentation. 

Dr. Seazora. I appreciate the opportunity. 

Representative Price. It has laid the groundwork for this hearing. 

Dr. Seasora. I appreciate the opportunity to speak with you. 

Representative Price. The next witness will be Dr. Frederick Seitz 
of the Department of Physics of the University of Illinois. 

Dr. Seitz is one of the recognized authorities in solid-state physics 
and metallurgy. We certainly appreciate your statement here this 
morning. 


STATEMENT OF DR. FREDERICK SEITZ,‘ UNIVERSITY OF ILLINOIS 


Dr. Serrz. Thank you. 

Representative Price. You may proceed, Dr. Seitz. 

Dr. Serrz. I thought I would talk somewhat informally since there 
is a formal record, however I will go over the main points. 

The field of atomic energy has received its greatest impetus from 
developments in physics, that is, nuclear and atomic physics. Never- 
theless, since its start it has been dependent in a very critical way upon 
the materials that one had available to use. The development of ma- 
terials in conjunction with the field of atomic energy has been as im- 
portant as any other single aspect. This has been true from the very 
start of what we might call the practical phases, beginning soon after 
the discovery of fission. 

In the same way there has been an inverse reaction. That is, the 
field of atomic energy has stimulated a great deal of research on ma- 
terials and has led to new things. For example, the field of atomic 
energy has made separated isotopes and radioactive isotopes available 
ona — scale for research in many fields, particularly in the field of 
materials. 

One of the great advantages we had in the work with materials in 
the field of atomic energy has been the evolution of what might be 
called “a science of materials,” in contrast with the older art. 


1 Born: San Francisco, Calif., July 4, 1911. 
Academie training: Leland Stanford University, 1929-32, A. B. (mathematics), 1932; 


Princeton University, 1932-35, Ph. D. (physics), 1934. 
Teaching and professional experience : General Electric Co., Schenectady, N. Y., 1937-39 ; 
Carnegie Institute of Technology, 1942-49, head of the department of physics; Oak Ridge 


National Laboratory, Oak Ridge, Tenn., 1946-47, Director, Training Program in Atomic 
Energy ; University of Illinois, 1949—present, head of the department of physics. 

Field of work: Theory of solids and nuclear physics. 

Honorary scientific societies: American Institute for Mining, Metallurgical, and Pe- 
troleum Engineers; American Institute of Physics (chairman, governing board) ; American 
Philosophical Society ; American Physical Society (member of council) ; National Academy 
of Sciences. 

Governmental agencies, committees, and other societies: Argonne National Laboratory 
(member of policy advisory board); Atomic Energy Commission (member of Metallurgy 
and Materials Advisory Panel) ; National Academy of Sciences (member of council; Na- 
tional Bureau of Standards (member of secretary’s, U. S. Department of Commerce, 
Statutory Visiting Committee to NBS) ; National Science Foundation (member of divisional 
committee for mathematical, physical, and engineering sciences); Oak Ridge National 
Laboratory (member of Solid State Advisory Panel); Office of Naval Research (membe 
of Naval Research Advisory Committee; member of Solid State Advisory Panel); U. S. 


Department of Defense (member of Advisory Panel on General Sciences, Steering Group 
Committee). 
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I will try to deal with this point in a little more detail in a few 
minutes when I attempt to give you a general historical picture. The 
science of materials rests upon chemistry and physics. Professor Sea- 
borg touched upon a part of it. I will try to amplify a little more. 
I do not want to imply that the development of the science means the 
end of trial-and-error work, and so to speak, the art phases the study 
of the materials passed through earlier. On the contrary the two 
aspects will go hand in hand in the foreseeable future in the develop- 
ment of the technology of materials. 

Let me outline briefly the history of the technology of materials. 
Prior to about 1850 the subject was based entirely on trial-and-error 
methods, very much like an art. Its origins go back well into prehis- 
tory. We know that the uses of wood and stone and clay go back into 
the past nearly as far as we have had anything resembling man. 
About 6,000 years ago, the artisans learned about the more noble 
metals, copper, tin, and gold which are relatively tough and which gave 
us new tools. 

Then steel was discovered about 3,000 years ago. This broadened 
the whole horizon of civilization. What we call modern civilization 
rests very much upon this development of 3,000 years ago, although it 
took all of the intervening centurys before the full potentialities of 
steel were really put to use. 

Glass is about 2,000 years old and has been used even less than that 
in a general way for other than artistic devices. Concrete is less than 
200 years old. 

The study of materials began to be a systematic science about 100 
years ago as the result of the work of the chemists. The development 
of quantative and qualitative chemistry made it possible to analyze 
the chemical composition of materials and to obtain a correlation be- 
tween their behavior and their composition. It also made it possible 
to control the preparation of materials to the extent that composition 
is important. 

By the time of World War I, the chemist was as much a part of 
material technology as the artisan. The artisan was just as apt to 
be a chemist as not. 

In this century, since about 1900, the really major developments in 
the study of materials and the evolution of the science of materials 
have come from atomic physics. I feel particularly prepared to speak 
on this part of the topic. It is a subject which had an important in- 
fluence on the development of atomic energy. 

The general picture of the application of atomic physics is about 
as follows: The first great breakthrough occurred in 1913 when the 
phenomenon known as X-ray diffraction was discovered. It was 
found that the atoms in materials scatter X-rays in much the same 
way that sound waves or light waves can be scattered by objects. An- 
alysis of such scattering made it possible to determine the arrange- 
ments of atoms in materials. The subject evolved very quickly. 
Several subsidiary things were added to it more recently: The discov- 
ery of electron diffraction in 1928; the discovery of neutron diffraction 
about 1943, one of the outgrowths of reactor work. 

In any case by about 1930 one knew a great deal about how the 
atoms were arranged in materials. It was known that in crystals, for 
example, one has a very orderly array. In glasses and liquids on the 
other hand the array is somewhat disorderly. 
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Another important development that arose from atomic physics 
centered about the behavior of the binding electrons in atoms. The 
chemists class a part of this work as their own. On the other hand 
the most basic discoveries were made by scientists in the field of 
physics. The primary work was initiated in the period just after the 
turn of the century. I refer to the work of Rutherford on the distri- 
bution of matter in the atom and the work of Bohr on the planetary 
theory of the atom. This work was followed in the twenties, by the 
discovery of the laws of mechanics of the atom, so-called wave me- 
chanics. 

As a result of all of this, one had by 1940 a a very good picture of 
the way in which the cohesion of materials originated and of the fac- 
tors which cause some materials to be metals and others electrical 
insulators. 

A third important development was going on in parallel with the 
preceding although somewhat delayed in the time relative to it. This 
was the study of the influence of imperfections in materials. It was 
decided by about 1925 that although many of the propreties of mate- 
rials originate in their basic structure, that is their ideal structure as 
determined by the ideal composition and matters related to it, some of 
the most critical properties are connected with imperfections, that 
is the flaws in their structures. The flaws could be of several kinds. 

After 1925 and until about 1940 detailed studies were made of the 
kinds of imperfection that could occur and the way in which they 
affected the numerous properties. The war, to a large measure inter- 
rupted some of the more scientific phases of that work, although it 
accelerated others. 

The systematic investigation was picked up again after the war. By 
1950 one had something like a coordinated science of imperfections. 
As I will try to illustrate, the work in the field of atomic energy played 
an important role in this postwar period. 

At the present time there is a considerable emphasis on the surface 
properties of materials, that is on the properties materials derive from 
the fact that they have a boundary. This subject has been of interest 
to chemists for a long period. It was important for what are called 
catalysts. That is, surfaces play a role in the catalytic properties of 
substances. We are now entering a new phase of this study derived 
from atomic physics. 

Again I want to emphasize that the field of atomic energy has pro- 
vided some of the most useful tools for all of these studies. I men- 
tioned some of them previously. 

I shall take a few minutes to outline the way in which materials 
enter into the field of atomic energy. It is a very broad subject. For 
purposes of time, unless you want a more general picture, I will focus 
attention on a typical reactor and the way in which materials play a 
part in it. 

There are about five main breakdowns. It depends a great deal on 
the reactor, but in a general way, there are five categories of materials 
which have to be studied. : 

In the first place there is the fissionable material, the actual fuel. 
There are the problems of purification. fabrication and many auxiliary 
matters. The fissionable material is the seat of the release of practi- 


cally all the energy. Hence one has special worries about how it will 
behave in the course of reaction. 
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Next there is the area related to cladding the fissionable material or 
the fuel elements, whatever they may be. Often there are questions of 
corrosion and deformation of the cladding materials. If one has what 
is called a homogeneous reactor, in which the fuel is broadly distrib- 
uted, it is still necessary to have a container. There are the problems 
concerning the container. 

We turn next to the moderator and the reflector of a reactor. That 
is the part of the reactor which is used to change the energies of the 
fission neutrons or to confine the neutrons into the heart of the reacting 
system. 

*Still further, there are structural members and shields—structural 
members to hold the constituent parts and shields to protect the 
workers and equipment outside of the reactor. 

Finally, there are coolants, which may serve as a heat transfer 
medium in a power reactor. 

The environment in a reactor is a highly unusual one by conven- 
tional standards. Not only does one have high temperatures and all 
of the normal problems which arise in the behavior of materials, but 
one also has an enormous radiation field arising from the radioactive 
products of fission, and the neutron flux. In the fissionable materials, 
one also has the fast moving fragments. 

The changes induced in the fissionable material are by far the most 
striking and often must be studied in the greatest detail. 

To carry out work in this field on the behavior of materials, it is 
necessary to undertake two kinds of investigation. 

One of these is of the trial and error kind that goes back to the 
period when the study of materials was an art. Among other things 
one needs, for this type of study, what are called materials testing 
reactors. There are a number of reactors of this type in the country. 
Such reactors possess high flux and open spaces where one can place 
typical assemblies of materials in order to test them under conditions 
that resemble somewhat those they would meet in actual service. 

In parallel with this, however, one can borrow techniques and ideas 
from the science of materials and hence gain a fairly good idea of what 
to expect from the materials placed in the test reactors. 

One needs both aspects of the study. If one tried to employ only 
trial-and-error methods, one would probably miss some important 
bets and would be wasteful of the use of facilities. 

If one used only the science, which is mainly qualitative and semi- 
quantitative at present, one would not trust the conclusions entirely. 
Thus the two are needed. The situation is very much like that in other 
parts of engineering. 

I might give an example of a part of our own development in the 
field of atomic energy which illustrates the way in which affairs have 
gone. 

tepresentative Price. When you say our own, you are talking about 
the university or the program of the Atomic Energy Commission ? 

Dr. Serrz. I mean the national development in the field of atomic 
energy in our country. 

During the war it was decided to construct reactors at Hanford for 
the manufacture of plutonium, which we needed as part of our pro- 
gram. At that time we had only pinpoint amounts of plutonium. The 
only available research reactors had a much lower flux. Yet we were 
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planning to build enormous reactors which represented a tremendous 
scale-up of anything that had been done before. 

Many problems arose—not only the problems of construction, but 
also the problems of ultimate behavior of materials. Some parts of 
the program were under good control. The chemists learned to pre- 
pare the constituent materials in pure form. Professor Seaborg and 
others were involved in work of that type. 

Among the serious problems was that of deciding how the reactors 
would behave in the long run. A separate group was set up at Ar- 
gonne National Laboratory to worry about it. Professor Burton, 
who is here today, was one of those who participated in an important 
way inthis program. I was one of his colleagues. 

We tried to predict how the Hanford reactors would behave in the 
course of months and years. We had some experimental material, 
although not enough, and we had the science of materials, which was 
then rather crude compared to its present form. By combining these 
two we did extrapolations and drew limits within which we thought 
the behavior of those reactors would lie. Subsequent events showed 
that our guesses were pretty good. 

We bracketed the behavior fairly close. As I recall, there was 
only one important thing which was missed. This is the kind of re- 
sult which can be achieved at the present time by combining good 
experiments involving trial and error methods, and the subject I 
have called science of materials, which is still in development. 

Chairman Duruam. Doctor, that would apply all the way back 
5,000 years in practically every material that has come along. Much 
of it has been by trial and error in its development; such as, steel, 
glass, and so forth. Would that not hold true? 

Dr. Serrz. That is right. However, there has been this interplay 
of trial and error and science in recent times. In the past when you 
did not have science you had to rely almost entirely on intuition and 
trial and error. We have an advantage at the present through the 
development of what I have called the science of materials. 

Chairman Duruam. I marvel sometimes historically with regard 
to what they really did with the tools they had to accomplish it. 

Dr. Serrz. Yes. They had great patience and they were devoted 
generations of men. 

Chairman Duruam. We talk today if we do not get something 
with an incentive in it we do not pay too much attention to it. We 
look to the incentive first, I think. I think, probably, we are looking 
to the incentive—I do not speak of the scientists—I am speaking 
of the people who expect the application of this atomic energy field 
over night—when you look back on the application of steel, gas, and 
many other materials, they had somewhat the same historic develop- 
ment. 

Dr. Serrz. It is a very close parailel in many ways. They didn’t 
have all of the tools that we did. 

Chairman Durnuam. Certainly you have speeded it up now. 

Dr. Serrz. There is one point I would like to make at this stage 
of the presentation, and that is the importance of cooperation with 
peoples in other nations in the study of materials and more generally 
throughout this field. 
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S Representative Price. Could you give us some idea of the extent 
of that cooperation now ? 

Dr. Serrz. We have some interchange of information, mainly 
through the scientific literature. In the field of atomic energy there 
was a substantial release and freeing of information at the time of the 
l | Geneva meeting. I have reference to the Geneva Conference on Peace- 
ful Uses of Atomic Energy in the summer of 1955. This, I believe, 
was a very valuable step. 

I can put the situation broadly in this way: Any technological devel- 
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opment usually rests on three types of investigation. There is what I 

might call the gadget stage. We Americans are very good at gadgets. 
We have a long tradition ‘and a very sound one. 

) Then there is brilliant engineering and development of systems. We 


| have been fairly good, but on the whole, I would say, that the Euro- 

: peans have had a more brilliant record in developing engineering sys- 
tems. The liqued fueled rockets and things of this kind. represent ex- 
amples. We must always remember that the Europeans played an 
important role in the development of atomic energy within our own 
country. | 

Representative Price. Doctor, you were with the Manhattan Dis- | 

trict in those days? 

Dr. Serrz. Yes: during the war. 

Representative Price. Did you participate in the design and work 
on the original reactors at Hanford ? 

Dr. Serrz. Yes. I was at the plutonium laboratory of the Univer- 
sity of Chicago and was one of the group worrying about the behavior 

of the Hanford reactor. 

To continue with the discussion of the three types of investigation, I 
come to the third, namely, the aspect of technology that comes directly 
out of science. For ex: imple radio communication came directly out 
of science. Again, we Americans are quite good at the type of science 
that has direct application. We have a very good record, although we 
have depended a great deal upon Europe for certain kinds of work in . 
all of these areas. 

In the future we may not depend upon Europe as much as in the 
past, but it is important that we maintain something like the rela- . 
tionship we have had with all of the friendly nations from whom we 
can get information and who, in turn, will derive benefit from us. 
That is true in materials as well as in many other things. 

I might say a few words about the types of laboratories we have in 
the country for the study of materials, and then I would like to talk 
about the bottlenecks in our national program. 

At the present time, there are three types of laboratory where ma- 
terials work is carried out: the industrial laboratories which have a 
long and traditional interest in materials for their own industrial 
needs. Since the atomic energy program has moved part of its activity 
into industry, there has been a close cooperation between many in- 
dustrial laboratories and the Atomic Energy Commission in the devel- 
opment of materials of special interest. 

Then there are the national laboratories operated by the Atomic 
Energy Commission usually through a contract with a university, or 
perhaps an industrial organization. From the very start the national 
laboratories have play eda big role in the study of materials for atomic 
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energy and they are continuing to do so. I mentioned the work at the 
plutonium laboratory at Chicago which was coupled with Argonne 
and Oak Ridge National Laboratories. 

Then we have the university laboratories where there are studies in 
the field of materials. They may work under contract w ith the Atomic 
Energy Commission, with ‘other Government agencies, with industry, 
or with State funds, as at the University of Illinois and the other State 
universities. 

To a certain measure the industrial laboratories and the national 
laboratories are influenced strongly by practical developments, as they 
should be. I don’t mean they are not also interested in the science of 
materials, but there is a tendency to do those things which are of im- 
mediate practic al interest, as is appropriate. The scientific side of 
the study of materials must be carried on in such laboratories as well, 
in parallel, for reasons given above. 

The universities have a great deal more freedom and also have the 
problem of training students to be future scientists and engineers. 
Thus they usually ‘focus their attention primarily on the scientific 
aspects. 

At present these three types of laboratory form a kind of unified 
whole. It is essential that they remain in a healthy and cooperative 
state. I think the key role in providing this cooperation is provided 
by the national laboratories which take a stand somewhere between the 
more patent-conscious and profit-motivated position of the industrial 
laboratories and the more purely scientific position of the universities. 

I might give an example of the kind of study which is carried on in 
all three types of laboratories. It is just one of many I might select. 
It was discovered during the war that metals, which are very useful 
for their toughness, alter their properties in a reactor. The biggest 
changes occur in metallic fuel elements, but even other metal parts 
of a reactor may change their properties. 

From the very start of the development of reactors the study of 
metals and the effect of radiation on metals has been an integral part 
of the whole subject of research on materials. At the present time, 
there is work concerning the effect of radiation on metals under way in 
industrial laboratories, in the national laboratories, and in the uni- 
versities. There is a tendency to use reactors in the study in the indus- 
trial and national laboratories. This is true, for example, at Oak 
Ridge, Brookhaven, and Argonne National Laboratories. There is 
also work going on with the use of accelerators at the two types of 
laboratory. 

In the universities, on the other hand, which have accelerators but 
usually, at least to the present time, do not have powerful reactors, 
there is a closely parallel study in which materials are bombarded 
with the radiations from cyclotrons or electrostatic machines. 

This whole subject forms a unified whole. As a result of it we 
have learned a great deal not only about how metals behave under 
bombardment, but also about other aspects of the properties of metals. 
This is a typical example of unified study carried on across the entire 
laboratory structure in the country. 

Next I would like to spend a few minutes outlining what I think 
are the prominent bottlenecks. I am guided and have benefited to 
some extent by work on the committees of the Defense Department 
and of the Atomic Energy Commission in recent years, 
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Regarding budgets I am inclined to agree with the estimates that 
Professor Seaborg has given somewhat earlier. I might add the fol- 
lowing picture to his story. Up until about the time of the Korean 
war, the support for basic science was at about the right level and 
increasing at about the right rate. The country was evolving, the 
number of people working in science was growing and the budgets 
were growing at about the appropriate rate. Then, following the 
Korean war, there was a tendency to keep the dollar amounts the 
same. I am speaking now of budgets on a governmentwide basis. 
The Atomic Energy Commission fared somewhat better on the whole. 
The budgets derived from the Atomic Energy Commission grew after 
the Korean war in somewhat the manner needed, until perhaps about 
a year ago. There was, however, a Government-wide tendency to 
keep the dollar amounts fixed. This implied an actual decrease in 
purchasing power because of the inflation since the Korean war. 

At the same time, research became more expensive, because equip- 
ment became more complex. In addition older equipment, purchased 
after the war, began to wear out and needed to be replaced. 

Finally, we were training more people who needed to be supported. 
I would say that the increase in current budgets needed is somewhere 
between 50 and 100 percent. This increase should occur as rapidly 
as possible in order to bring the level of support back to the level we 
would have had if we had continued after the Korean war as before 
it. 

All the evidence indicates that the Soviets have been increasing 
their real level of support of research since 1945. I think it is im- 
portant that we return to the policies in effect prior to the Korean 
war. 

Chairman Durnam. When you speak of a 50 to 100 percent increase, 
Doctor, do you mean Government increase or would you apply that 
also to your State-supported universities and also your private in- 
dustrial laboratories throughout the country. Would you apply the 
formula across the board, or just the Government ? 

Dr. Serrz. I think I would apply it across the board. Most of the 
universities have the serious problem of getting ready for the big 
avalanche of undergraduate students, and as a result they not not 
able to get funds for research easily from their own resources. I think 
that the major burden will have to be borne by the Government and 
by industry. 

Dr. Serrz. An important point to make is that once we are back 
on the track, if I can use such a term, we should stay on it. As long 
as our population increases and the complexity of our technical society 
increases, our financial support of research will have to increase. It 
is a never-ending problem. It is not something that one solves once 
and for all and regards as finished. 

There is one final bottleneck that I want to emphasize. My under- 

standing of this point stems out of a committee that the Materials 
Branch of the Atomic Energy Commission organized a couple of 
years ago. 
_ The group in charge of the Materials Branch asked a number of 
individuals to attempt to describe the greatest needs in the study of 
materials, They drew a number of conclusions which are outlined 
in a report available through the Commission. 
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The most important conclusion we drew was that there was a large 
bottleneck on laboratory space available for work in the field of the 
science of materials at the present time. A large part of the work 
goes on in universities, which have this great problem of getting 
ready, as I said a moment ago, for the coming avalanche of students. 

If you are at a State university, as I am, you find that all the at- 
tention focuses on classroom space for the coming period—teaching 
laboratories and offices. The State provides funds at the greatest 
rate it can for that, but the research laboratory space has to take 
second place, at least at the present time. I think that the study of 
materials in the country would benefit more from an expansion of 
laboratory space in universities than from any other single item. 

Representative Price. While you are talking about the study of 
material, I would like to ask you a question about the importance of 
the study of ceramics in the development of the high-temperature 
reactor in order to achieve economic nuclear power. 

Since you are one of the outstanding experts on solid fuels in the 
country, 1 wonder if you would care to express an opinion on the 
continued exploration of this field and whether you think there is 
enough basic research being done in it. 

Dr. Serrz. I think that there is a broad study underway on all 
types of materials. One of the special features of the subject I call 
chs science of materials is that it treats metals, ceramics, semiconduc- 
tors, and abrasives—that is, all of the different types of materials— 
on one common footing. 

The basic work concerning ceramics is going ahead quite well, al- 
though there is always the question of accelerating. What is perhaps 
needed most is more feedback from the basic science into the conven- 
tional fields of ceramics. The ceramicists, on the whole, have not been 
quite as progressive as the metallurgists in using newer developments. 

I do not want to appear to be unduly critical because such transi- 
tions take time. However, the metallurgists have been more forward 
looking than the ceramicists on the whole. I think the ceramicists 
are now beginning to follow the pattern the metallurgist did 15 years 
ago, so the change is on the way. There has been some delay. 

Let me complete this presentation by saying that I think the one 
step which would increase our productivity most under present cir- 
cumstances would be the establishment of laboratories devoted to 
materials science, including the laboratory space, in academic insti- 
tutions, under conditions in which the various disciplines could come 
together. Such laboratories might be called institutes. 

That is one of the principal things we do not have in sufficient quan- 
tity. I do not mean, in saying this, to preclude the establishment of 
additional facilities at the national laboratories or in industry. On 
the whole, industry has little difficulty in getting its own facilities. 
The national laboratories are perhaps not quite as strapped as the 
universities because they do not have this auxiliary problem of getting 
ready for students. 

I believe that concludes my formal statement. 

Representative Van Zanpr. Doctor, you mentioned the bottleneck 
in the field of materials. You also mentioned that the Atomic Energy 
Commission assembled a group here in Washington for the purpose of 
studying the bottleneck. How many persons made up that group? 








PHYSICAL RESEARCH PROGRAM 37 


Dr. Serrz. As I recall, there were about 10 from academic and in- 
dustrial laboratories, with some of the individuals from the national 
laboratories following the work closely. 


Representative Van Zanpr. Briefly what were their general con- 
clusions? 

Dr. Serrz. In a few words, the conclusions were that our national 
program is fairly good although there are places where it could be 
accelerated and emphasis placed on special fields. 

Representative Van Zanvt. Did they mention the places where ac- 
celeration should be applied ? 

Dr. Serrz. The most prominent conclusion that came out of it was 
that means should be investigated to set up the research units which 
I called institutes. They would bring together scientists in chemistry, 
physics, metallurgy, ceramics, and other related fields and have them 
develop on university campuses as part of the normal activity. 

Two other recommendations, of a lower magnitude of cost, were 
that more research should be carried out on the preparation of exceed- 
ingly pure materials, and that specialized equipment of an unusual 
nature, such as large magnets, should be made available to groups 
who could use them. 

Representative Van Zanpr. Do you know of any effort that has been 
made to adopt in the recommendations that were made by this group? 

Dr. Serrz. I think this is about the time the country ran into a 
period of austerity in thinking and all such matters were held in 
abeyance. It is my understanding that the matter was brought up 
to the General Advisory Committee of the Commission and action 
was pending but delayed because of the shortage of funds. 

Representative VAN Zanpr. In your opinion, do you think that these 
institutes are absolutely necessary if we are to eliminate some of the 
bottlenecks that exist in the field of materials? 

Dr. Serrz. I think they should be gone into not with haste, but with 
though and planning so that they will develop in the right direction. 
T think they could serve a very valuable purpose. 

Representative VAN ZAnpr. Was it the thinking of the group that 
the Government should provide these facilities to these various uni- 
versities ? 

Dr. Serrz. In particular it was our thinking that the Atomic Energy 
Commission should take the lead with the purpose that its own prob- 
lems and interests would be foremost. 

Representative VAN Zanpr. Are you satisfied with the general effort 
that is being made in the field of metallurgy? We hear so much about 
the bottlenecks in the field of metals. 

Dr. Serrz. You cannot do the impossible. It is a question of evolu- 
tion. I have a fairly close knowledge of the work that is underway, 
and believe it is going on at a fairly good rate. The bottlenecks thar 
I know of center mainly about the shortage of facilities. 

Representative VAN Zanpr. In other words, if we had more facili- 


ties we would probably make greater progress in meeting this 
challenge ? 


Dr. Serrz. That is right. 


Representative Van Zanvr. In your opinion it is a responsibility of 
the Atomic Energy Commission ? 
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Dr. Serrz. Yes. It might work in close cooperation with the other 
agencies interested in materials, but I think the Commission could 
take the lead. 

Representative Van Zanpr. Thank you. 

Representative Price. Thank you very much, Dr. Seitz. Your full 
statement will be inserted in the record at this point. 

(The statement referred to follows:) 


MATERIALS DEVELOPEMENT 


(Presented by Frederick Seitz, Head, 
Department of Physics, University of Illinois) 


I. INTRODUCTION 


Although the development of atomic energy has been motivated primarily by 
advances in atomic and nuclear science, it has had to lean upon the available 
materials of construction in an enormously important way. Thus, the progress 
of the field is very closely interlocked with the growth of knowledge of materials. 
Conversely, the development of atomic energy has had a tremendous stimulus 
upon the study of materials by making new resources and techniques available 
for research and development. The status of the study of materials will be 
reviewed broadly here. 

It is fortunate that modern technology now has a systematic science of ma- 
terials, which combines both experimental techniques and theoretical principles, 
available for its use. This science has grown primarily from advances in the 
fields of chemistry and physics. The application of the science has not yet 
progressed to a point where routine trial and error investigations can be elimi- 
nated. In fact, it is unlikely that such a situation will be achieved in the near 
future. Nevertheless, the evolution of the science of materials is making it pos- 
sible to suggest new uses for materials and to provide means for achieving 
such uses. What is perhaps as important, the development has provided new 
tools for testing and evaluating materials for the many uses to which they are 
placed. 

Essentially all prominent fields of technology which involve the study or use 
of materials, such as metallurgy, ceramics, electronics, mechanics, and chemical 
engineering, benefit from and contribute to the developing science of materials 
even though this science has originated primarily in the field of chemistry and 
physics. 

II. THE HISTORY OF THE STUDY OF MATERIALS 


A. Early history 


Man began to learn to use the material about him to advantage in the period 
prior to written history. We know that the earliest successes of this type in- 
volved the use of wood, stone, and clay, upon which a large part of technology 
still rests. About 6,000 years ago man found ways of winning and using the more 
noble metals, such as gold, copper, and tin, which combined toughness with 
strength. Glass entered the picture about 2,500 years ago. Each step of progress 
was accompanied by a new step in the scope and complexity of civilization made 
possible by new tools. About 3,000 years ago man discovered how to manufacture 
and use iron. This provided universal access to a very cheap and strong mate- 
rial and ultimately made modern civilization possible. As important as anything, 
iron tools made it possible to construct equipment to investigate and develop 
other materials. 

Until about the middle of the past century, however, the process of developing 
new materials and their uses had much more of the quality of an art based upon 
trial-and-error work and keen intiuitive perception than upon anything that 
might be called science. A large fraction of the principal techniques were looked 
upon as trade secrets which were passed on within groups of artisans by word 
of mouth and in confidence. 


B. The influence of chemistry 


The evolution of qualitative and quantitative chemistry during the past cen- 
tury started a revolution which has continued ever since. This development of 
the science of chemistry made it possible to study the composition of existing 
materials to assure reproducibility of such composition and to investigate the 
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influence of changes in composition upon properties in a systematic way. The 
chemical balance and the microscope, appropriately modified for each use, be- 
came commonplace tools in the materials laboratory. By the time of World I, 
chemistry had revolutionized the technology of materials to such an extent that 
the chemist was regarded as an integral partner if not actual leader in the area. 
The work of the chemist did not eliminate trial-and-error investigation, but it 
did reduce the uncertainty in attaining desired results by an enormous factor and 
provided an entirely new foundation for the art. 


C. The influence of atomic physics 


The next great revolution in the study of materials was brought on by the de- 
velopment of atomic physics. This revolution is still in progress at the present 
day. There is little doubt, however, that the basis for the knowledge of mate- 
rials will be broadened enormuosly by it. The sequence of advances is as follows. 

1. X-ray diffraction.—The discovery in 1913 that X-rays interact with atoms 
in much the same way that radio waves or light waves interact with objects that 
seatter them made it possible to determine the arrangements of atoms in ma- 
terials. The underlying technique is known as X-ray diffraction. Ultimately 
this method of studying atomie arrangement was broadened’by the discovery of 
electron diffraction (1928) and neutron diffraction (1943). The technique shows 
that the atoms in ideal crystalline substances are stacked or ordered in a regular 
lattice-like way, much like the cells in a honeycomb, and are arranged much more 
randomly in liquids and glasses. By 1930 the new tool had provided a very broad 
understanding of the atomic arrangement in many interesting materials. 

2. Theory of electrons—The work of the physicist in developing a suitable 
theory of the internal structure of the atom made it possible to understand the 
behavior of the valence, or chemically active, electrons responsible for cohesion 
in materials much more completely. This development began near the turn of 
the century and was stimulated by a number of advances, such as Rutherford’s 
experiments with radioactive radiation (1910), which led to the discovery of 
the nucleus of the atom, and Bohr’s planetary theory of the atom (1911). The 
main quantitative development took place after 1925, however, when the equa- 
tions of atomic mechanics (wave mechanics) were discovered. By 1940 we had 
a general picture of the nature of cohesion in the principal substances, particu- 
larly those having ideal chemical composition and atomic arrangement. More- 
over, it was understood why some materials are metallic conductors and others 
are good electrical insulators. 

3. Understanding of imperfections——The next major development centered 
around the study of the behavior of imperfections and irregularities in materials. 
By about 1925 it was realized that some of the most interesting and important 
properties of the materials, such as those related to their electrical or mechanical 
behavior, were influenced in a decisive way by the presence of imperfections. 
This initiated a systematic study of imperfections and their behavior. 

By 1940 the principal types of imperfections had been discovered. By 1950 
the subject had congealed into what might be termed a systematic science, as a 
result of very intensive work during the period just after the war. This science 
of imperfections is now widely studied and used. 

4. Study of surfaces.—The study of the arrangement of atoms in ideally per- 
fect and normally imperfect materials has made it possible to extend the tech- 
niques for investigating the surfaces of materials. The chemists are responsible 
for the first systematic studies of the surfaces which play an important role in 
many chemical processes, such as those involving catalysis. New tools of the 
physicist have been added to the investigation during recent years. It seems 
very likely that this area will be the scene of intensive and profitable study 
during the coming decade. 


D. Influence of the development of atomic energy 


It should be added once again that the development of the field of atomic 
energy since 1940 has exercised a very great spur to the science of materials in 
several ways. Such development required substances with unique properties 
and stimulated a large amount of research concerning many elements not hither- 
to considered for use and concerning many new combinations of elements having 
unusual form. Conversely, the development of reactors has provided new tools, 
such as neutron diffraction, for the study of the structure of materials, and good 
sources of separated and radioactive isotopes. 
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Ill, MATERIALS DEVELOPED FOR ATOMIC ENERGY 


In the future the uses which can be made of the primary principles governing 
the release of atomic energy will probably be determined more by the develop- 
ment of materials than by any other single factor. For example, materials enter 
in a critical way in the following four principal constituents of a typical reactor. 


A. The fissionable material 


This must be refined and fabricated in a way which is most effective for the 
operating system. 


B. Cladding 


In an inhomogeneous reactor the fissionable material must be clad or jacketed 
in order to control corrosion or the migration of fission products. In a homogene- 


ous reactor the system containing the fuel must be retained in an enclosure of 
suitable material. 


C. Moderator and reflector 


The spatial and energy distribution of the neutrons produced in fission must 
be moderated and reflected by a sutiable material. If the system is homogeneous, 
the reflector provides a separate problem. 


D. Structural members and shields 


Finally, the reactor possesses structural members and shields which must be 
composed of appropriate materials. 

A large fraction of the materials employed in a reactor experiences conditions 
which were wholly unknown in practice prior to 1940. The most unusual environ- 
ment is that which occurs in the material containing the fissionable elements. 
This receives very intense bombardment from the fission fragments which 
raises the temperature of small regions to values comparable to those found in 
the interior of stars for very short periods of time. Similarly, the moderator, 
reflector, and shield render services which represent a combination of a conven- 
tional and highly unconventional kind. 

The influence of radiation upon the properties of materials, such as their abil- 
ity to withstand corrosion and mechanical stresses, and to resist dimensional 
change, is so very great that it is absolutely necessary to couple formal tests of 
properties with exposure to radiation. A number of material-testing reactors 
have been constructed in the country to provide facilities for such realistic tests. 
It is important that the components of any newly designed reactor be given tests 
under conditions resembling as closely as possible those which will be experienced 
in actual operation. 

Although one does not anticipate the abandonment of empirical trial and error 
work in the preparation or testing of materials to be used in the field of atomic 
energy, experience shows that all the basic knowledge derived from the science 
of materials finds very great use in guiding the course of practical work. For 
this reason materials research of the most fundamental kind has played, and 
will continue to play, an indispensable role in the national program. This point 
ean be illustrated by one of our wartime experiences which is typical of many 
others. 

During the war several reactors were constructed at Hanford, Wash., to pro- 
duce plutonium. At the time the reactors were designed, only pinpoint amounts 
of plutonium were available, and the only reactors in operation were of an ex- 
perimental variety involving relatively small fluxes of radiation. A number of 
interesting problems relating to the materials used in large reactors arose. Since 
it was necessary that the reactors be efficient, it was essential that all of the 
constituent materials be as pure as possible. The work of the chemists and 
chemical engineers on the production of metals and other substances in large 
quantities and in very pure form was pushed to the utmost. In addition, it was 
necessary to know as much as possible about the way in which the materials 
in the reactor would behave during long exposure to the internal radiations. 

The time and the facilities for experimentation were so limited that it was 
absolutely necessary to use the available science of materials, then much more 
primitive than now, to predict as well as possible how the large-scale units 
would behave. In spite of the primitiveness of the basic knowledge available 
then, it proved possible to give reasonable estimates of the limits within which 
the actual behavior of the reactors would fall. Predictions were amply borne 
out by the experience accumulated during the years after the reactors were 
set in operation. 
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The lessons of this type learned during the period of very great emergency 
have never been forgotten by those who supervise the study of materials within 
the Atomic Energy Commission. Generally speaking, the most practical trial- 
and-error studies on components which enter into the devices which use atomic 
energy are accompanied by parallel studies of the most basic type which add 
to our knowledge of the science of materials. There is no reason to believe 
that the present pattern should be altered in a qualitative sense. 


IV. THE ASPECTS OF MATERIALS TECHIINOLOGY 


As the preceding discussion indicates, the development of materials proceeds 
most rapidly when technology and science move ahead hand in hand, sustaining 
one another in the process. This principle obviously is not restricted to the field 
of materials but is true for many branches of development. 


A. The three ways of technical advance 


It should be noted at this point that in practice technical advances can occur 
in three important ways. One centers about the development of ingenious gadg- 
ets which simplify complex procedures or make new routes possible within 
the framework of a given system. A second involves the introduction of entirely 
new systems of approach that depend on radical innovations of an engineering 
kind. The third arises almost purely out of science and represents a direct 
application of science. 

The automobile, which was invented in Europe near the end of the last cen- 
tury, and which is an advance of the second type, has evolved since its invention 
by the first type of gadgeteering research, such as by the invention of new types 
of transmission. The V-2 rocket is another example of an advance of the 
second type. It is primarily a radical engineering development and involves 
little new science. Radio communication represents an advance arising from 
the application of new scientific principles in a direct, although by no means 
trivial, way. The atomic bomb is a similar development based on a new scien- 
tific knowledge. 


B. American strength 


We Americans are exceedingly good at the gadgeteering type of technology 
and at basie science, particularly the kind of science which is close to applica- 
tion. Much of our success in assembly-line development, for which we are re- 
nowned, hinges on clever gadgetry rather than upon ingenious and radical engi- 
neering innovation. It is probably safe to say that at least in the past the 
juropean technologists have been more ingenious in making large and radical 
innovations of an engineering nature in inventing entire systems. While it is 
very important that we develop all types of ingenuity within our own quarters, 
and show strong trends in this direction, it is probably also safe to say that as 
a nation we will have a great deal to gain in the future by working in close 
cooperation with the engineers and scientists in other friendly nations of the 
world. It is difficult to know whether we will gain as much from them in the 
future as we have in the past; however, it seems fairly certain that their con- 
tribution will not be negligible. Although this principle is valid for the study 
of materials, it applies generally over the broad field of atomic energy and to 
other aspects of our technological life. It is hardly necessary to add that 
science in itself is a highly international endeavor and will develop more rapidly 
through abundant international cooperation. 

It is not quite clear to me why we Americans have not been the technological 
innovators that we might be. Perhaps it is a question of relative maturity of 
development. Perhaps the most reasonable explanation is that we have been 
very rich in raw materials in the past and, hence, have been able to accomplish 
our main goals by relatively easy steps, taking advantage of the superabundance 
of natural wealth. The nations of Western Europe, being inherently poorer, have 
had to use more cleverness to make up for the lack of raw materials. 

In any case, the interplay between pure science and technology is now so great 
in the United States and has been so successful that the scientific approach to 
technology must be regarded as one of our major assets. It must be cultivated 
to the maximum degree possible. It seems probable that some of the most valu- 
able additions to technology will arise directly out of science in the future and 
will be made by the practicing scientists in contrast to advances made by en- 
gineering technologists as has been true in Europe. For example, it is now about 
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as likely that a new development dealing with metals will arise from the work of 
the physicists and chemists interested in metals as that it will originate purely 
from the work of metallurgists guided primarily by the older arts of metallurgy. 


Vv. TYPES OF LABORATORY 


At the present time a very large amount of work on the materials of interest 
for the development of atomic energy is carried out in the industrial laboratories 
and in the national laboratories which operate under contract with the Atomic 
Energy Commission. In many cases the investigators are closely associated with 
the groups developing new reactors or other devices so that there is close ex- 
change of information between the two groups. If this work suffers from any 
difficulty, it is only because the pressure of applied work often inhibits the more 
fundamental programs which should be developed in parallel. 

A number of universities and institutes of technology also have groups devoted 
to the study of materials. Here, in contrast, the basic science tends to receive 
the primary interest since the universities are usually not engaged in pressing 
developmental problems under present circumstances. Thus, if we view the study 
of materials broadly, the industrial, the national, and the university laboratories 
tend to balance one another and form what might be regarded as a unified whole. 
The future welfare of the field will depend in an important way upon the effec- 
tive interchange of important information between the three groups. Here the 
national laboratories probably play the most important role, since they usually 
have both fundamental and applied activities and operate primarily in the public 
interest. 

Typical investigations dealing with materials that are underway at present will 
be reviewed in the session to be presented on Thursday, February 6. The speakers 
selected are typical of those involved in both the fundamental and applied aspects 
of the field. I might use one example to illustrate the typical interrelation of 
the workers in the field. 

Metals are among the most useful of the available materials because they com- 
bine strength, ductility, and good thermal and electrical conductivity. Not all of 
these properties may be needed simultaneously but only a part. It was discovered 
during the war that the properties can be altered by the radiations found in a 
reactor. The problem of studying such effects has been of general interest ever 
since for both scientific and practical reasons. At the present time highly inte- 
grated and mutually complementary experiments are being carried out on such 
effects in the national, industrial, and acedemic laboratories. A part of the 
work utilizes the experimental and testing reactors, such as those at Oak Ridge, 
Argonne, and Brookhaven National Laboratories. Another part utilizes the radia- 
tions from accelerators such as those at the University of Illinois, Atomics Inter- 
national Inc., and the General Electric research laboratories. 

While information concerning the ultimate behavior of metals under irradia- 
tion is a primary goal of the study, many subsidiary facts concerning metals, 
such as the way in which atoms migrate, have been revealed by the work. Many 
examples parallel to this could be cited. 


VI. THE LIMITATION ON LABORATORY SPACE 


On this occasion I feel called upon to mention that one of the greatest bottle- 
necks concerning the study of materials in our own country centers not upon the 
limitation of manpower but upon the amount of laboratory space available in uni- 
versities for research in the field. As I mentioned above, the work in universities 
is inclined to be of fundamental nature, although it is closely integrated with the 
applied work. 

During recent years, university construction programs have had to focus at- 
tention on the need for classrooms for the ever-expanding student body and, 
hence, have neglected the construction of new research space to a degree. I be- 
lieve that the simplest and least expensive way to expand the amount of good 
work in the field of materials at the present time would be to provide Federal 
funds to help the construction of laboratory space in universities that would 
be devoted to the study of materials. 


The third witness this morning will be Dr. Rabi of Columbia Uni- 
versity, former chairman of the General Advisory Committee of the 
AEC, a member of the President’s Advisory Committee on Science 
and a Nobel prize winner. 
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STATEMENT OF DR. ISIDOR L. RABI, OF COLUMBIA UNIVERSITY? 


Dr. Rast. ‘Thank you. 

Representative Price. Dr. Rabi has appeared before us on several 
occasions. He has contributed a great deal toward our study of im- 
portant projects in connection with the atomic energy program. 

Dr. Razr. Gentlemen, I am very glad of the opportunity to appear 
here today. It has always been a pleasure to appear before this com- 
mittee. I do not feel that I have to speak in favor of basic research 
before this committee. This committee, I think, has established a 
record during the period of its existence of supporting basic research 
very well. Therefore, I will perhaps spend my time in giving what 
might be an individual point of view with respect to research in gen- 
eral and make a rather brief statement, and then do the best I can 
to answer such questions as you may wish to put to me. 

Representative Pricer. Doctor, you may be interested to know that 
Mr. Van Zandt and myself are joining today in a statement reintroduc- 
ing legislation that grows from an idea that you gave this committee 
about 2 years ago on the scholarship for high school graduates who 
could successfully pass an examination in mathematics. 

Dr. Rast. I am very pleased to hear this, sir. Maybe we can get a 
few converts. 

In the first place, I would like to say that we should be proud as 
Americans of the record which we have made in basic research and the 
tremendous progress that has been made in basic research by people 
working in the United States in the last 30 years. Thirty years ago 
this country was provincial in basic research and had to draw most of 
its inspiration and ideas and knowledge and books from Europe. One 
had to go to Europe to get the highest education in basic physics. 

I was one of those who had to do that back in 1927. Now, 30 years 
later, this is completely changed and people come from all over the 
world to study the most profound questions of physics here in the 
United States. 

I think we can all be very pleased that we have taken our place 
in the world which is appropriate to our size, our wealth, and our 
institutions in this field of basic research. 

Representative Van ZAnvr. Doctor, do you think that in the field 
of basic research we are superior to Russia today ? 

Dr. Rast. I do not like to use those terms, sir, when you refer to as 
basic as this. I would say this: That if one made a fist of the sub- 
jects in basic research which are worked on in the United States, and 
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if one made a list of current researchers, and one made a list of people 
who have acquired eminence in these fields, I think by and large we 
would be way out in front the way we used to be in the Olympics 
years ago. 

Representative Van Zanpt. Would you say that we lead the world 
today in basic research ? 

Dr. Rast. I think if you took a poll of scientists outside of the 
United States they would say that we did. 1 would rather put it 
in that way. This is a tremendous accomplishment, it seems to me, 
and one of which we can be justifiably proud. But our relative posi- 
tion in the future is very far from clear because there are other coun- 
tries which are coming along, Russia, China, and India—but chiefly 
Russia, which is coming along. very rapidly. 

I would like to make a few remarks, if it is not out of place, why 
our advance in basic research relative to Europe was so rapid. I 
think the reason for it was mainly in our school system. We simply 
educated more people. 

The possibility of more people going to high school and so on, and 
the larger number of colleges and univ ersities which we had, although 
they were not of top rank, most of them still did give young people 
an opportunity. Then around the late 1920's and early 1930’s, when 
people who were young when I was young came back from Europe, 
having acquired the high policy of a European education in basic 
research and began to teach in our colleges and universities, we had 
this backlog of people whom we could bring up rapidly. 

At the same time we began to get some money in support of this. 
Looking at the situation at present, it seems to me that our secondary 
schools have deteriorated, We actually have a smaller fraction of 
our population which is capable of absorbing the higher elements of 
science brought to the point where they could, or brought to the point 
where they would be inspired to go forth. 

On the other hand, in the Soviet U Inion, which has a population 
almost equal to ours, the ideal of science has been placed very high 
and more people, or a larger fraction of the population has been 
trained in that respect. Therefore, I feel that there is a possibility, 
unless we change things, that they may move ahead of us as fast as we 
moved ahead of E urope once the fundamental conditions are met. 

There is no question in my mind that they have the teachers, they 
have the facilities. I do not know whether this is pertinent to our 
subject, but it is merely an introduction to some other remarks. 

Representative Price. I think it is, because I think it bears on basic 
research and many other things. 

Would you give us a suggestion as to how we could change this 
situation ? 

Dr. Rast. One of my suggestions has already been put before this 
committee, the one which you mentioned, with respect to these scholar- 
ships for students who have taken the required amount of mathematics 
That has been one of the weaker points in our educational system. 

I would like to change attitudes by having the Federal Government, 
insofar as it is legitimate for the Federal Government to do so, provide 
both standards and incentives. Let the local people know how they 
will implement these general ideas, but that the Federal Government 
should supply standar ds and incentives. 
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In other words, if you have a local PTA organization that does not 
know quite what to do, but is dissatisfied, somehow or other the Fed- 
eral Government ought to be able to help them with material so that 
they would know in which direction they would like to press their 
school superintendent or school principal or teachers. 

Chairman Durnam. What do you think about doing something for 
the teachers at the grade level, Doctor ? 

Dr. Rant. Very important, sir. I think another thing which we 
could do which would not cost very much, but would give a standard, 
would be if the Federal Government would offer certain examinations 
for teachers in scientific and other subjects so that when a teacher had 
achieved this examination it would show that he or she had reached a 
certain grade. 

It would have no force of law anywhere, but it would represent what 
would be in the opinion of the best authorities a certain minimum. 
Furthermore, through the efforts of the Federal Government you could 
bring in not only the teachers’ organizations, but also the scientific 
organizations, like the National Academy of Sciences, the engineering 
societies, and various scientific societies, so as to combine both content 
and method—method on the part of the teachers; content on the part 
of the rest of the public which is especially expert and capable. 

In this way I think we could achieve a set of standards which would 
do a great deal to raise the level and provide a target at which all the 
people who want to do good in this field can shoot at; an objective, in 
other words. 

Representative VAN Zanpt. Doctor, in this set of standards that you 
mentioned, would you also include equipment for the schoolrooms? 

Dr. Rast. Yes, sir. 

Representative Van Zanpr. Do you think there is a scarcity at the 
present time that represents part of this weakness that you mentioned ? 

Dr. Rani. I am not expert in this. I am told by my friends who 
work in this field that there is a scarcity. I also think from what my 
friend, Professor Zaccharias at M. I. T., who is working on a new 
course in physics, tells me, that there is room for a great deal of inven- 
tion of apparatus which would be cheap, easily available, made of 
ordinary materials which would greatly improve the teaching and 
demonstrate the principles that they are trying to teach. He is look- 
ing into this in the field of physics, and I am sure it is true in other 
fields, too. 

I would like to add a few remarks about what seems to me to be the 
role of research. There are two sides. What basic research does to 
make us stronger, so to speak, and make us wealthier and more com- 
fortable, it seems to me that the most important thing that basic re- 
search there does is to provide the fundamental knowledge, the funda- 
mental art. Once you provide the fundamental art there are enormous 
numbers of people, particularly in the United States, who can make 
inventions which apply this. 

I know during the war we worked on the development of the art of 
3-centimeter electromagnetic waves. Once we had those components, 
we knew how to generate them, how to detect, and some of the things 
used in the circuits, there were just any number of people who made 
the most marvelous inventions. 
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In this way, through basic research, you get new industries. To 
this committee I do not have to mention the new industries which have 
come out of basic research. You really get improvement of old tech- 
nologies until they become very sophisticated. 

I can point out the fact that one of the oldest technologies known 
to the human race is cooking, and I doubt that basic research has done 
very much in the way of making a better omelet or soon. You might 
help with a gadget for doing it. It is the new industry which we get 
out of the basic research, the new strengths, the new capabilities for 
humanity. 

Representative Pricr. Have they made any improvement on mouse 
traps over the years in basic research ? 

Dr. Rast. I have not gone into it recently, sir, but I see the same 
old mouse trap in the cartoons. 

As for the levels of support for basic research, I myself cannot 
find any justification for saying that it should be a 10th of a percent 
or 1 percent or 5 percent of what we may be doing of our gross national 
product, or the cost you put in development of things. I just cannot 
see any such yardstick at all. 

It seems to me, as far as basic research is concerned, the limit we 
should have for support should be to the extent we can spend money 
wisely. 

Chairman Durnam. Doctor, on the point of expanding the economy, 
I am in full agreement, but the thing that has always disturbed me a 
little bit is the fact as to whether or not we have done a good job 
of selling this idea to the American people. 

We depend on developing our institutions, adding to them, and 
even here in Congress we depend a lot as to whether or not the teach- 
ing profession or the Congress or whoever is selling this idea do not 
do too good a job of educating the people in really what basic research 
means In an expanding economy. 

Dr. Rast. Sir, I do not know what the American people do think 
on these questions. My feeling is that the American people are more 
willing to support research than their leaders or the Bureau of the 
Budget is willing to believe. I think there is better popular under- 
standing of the importance of basic research or the benefits it confers 
and also its deeper meaning in the ordinary fellow in the street than 
in the Bureau of the Budget, or whoever it is by whom these sums 
are set. 

I think the difficulty we get into in basic research is when it gets into 
competition with other things which are more immediate practice 
within the Government than further down in the support of the people. 
Of course, you are not going to have people march with banners to the 
front of the Capitol to urge you to support basic research. 

Chairman Durnam. I do not know of many items having been 
turned down on Capitol Hill on research and development. It is al- 
most an unquestioned item when it comes before us on an appropria- 
tion bill. It is very seldom ever questioned. It is just accepted that 
they have asked for the right amount and we give it to whoever carries 
out the program. 

Dr. Rast. It must be justified and see that it is spent wisely and not 
simply wasted. 

Chairman Durnam: Yes. 
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Representative Van Zanpr. Doctor, when we were in Russia last 
October, we found that the Russian people were apparently giving 
more recognition to the benefits of basic research than we are doing in 
this country. This is what we found out. We found that they were 
producing on a mass basis physicists, young men and young women. 
They were not only distributing them throughout Russia, but their 
satellites. 

We found they were going beyond Russia and her satellites into 
the other free countries of the world. Their embassies, their con- 
sulates, all had a scientist as part of the staff. 

Do you think we have to go that far in this country ? 

Dr. Rast. I am very glad you brought that up. I meant to touch 
on that in my testimony and I will touch on it right now. 

I could not possibly agree with you more. We have certainly a large 
number of scientists in this country and a large number of good ones. 
We have no excess at all. We have hardly sufficient for our needs. 

When it comes to such matters as sending a group abroad, we are 
absolutely strapped. We just do not have the people. One of the 
most important points is just the one you made. If we are to maintain 
our national strength, our prestige, if we are going to really maintain 
our ideals in the world, if we are going to meet the other system and 
show what we can do, we have to tremendously expand the number of 
good scientists. 

We have to look into the population and look for people who have 
that sort of capacity and not let them get lost, but train them so 
that we do have these people not only to do our work at home, but to 
be able to send abroad. If we do not do it, we will find that almost 
all countries will be more or less closed to us. 

The important positions in one way or another will be filled by 
people from other countries. The textbooks which will be used, the 
people in charge, the advisers and so forth, will be from other 
countries. 

Chairman DurHam. We ran into a group of students in Greece last 
year when we visited all the installations in the NATO countries and 
they were interested in radio isotope research for medicine and biology. 
We asked them how they got interested in this. They said they got in- 
terested in it by reading the report that we put out on basic research 
from this committee. 

In speaking about the dissemination of literature and things like 
that, I hope these hearings may be widely distributed also because I 
think it creates something like you are talking about. They do not 
know how to get it unless they are told how to get it. 

They do not know where these things exist in some of those coun- 
tries. Here is most of the information available from the AEC and 
this committee and many institutions in this country. 

Dr. Rast. This difficulty that you mentioned, Mr. Van Zandt and 
Mr. Durham, is not only in science, but also in other fields—economics, 
in languages. Although our present position is excellent, the future 
looks difficult unless we change our direction and make an important 
change in the very near future. We do not have to talk about satellites 
now. We are all very happy that we have one of our own running 
around up there, but I hope this does not result in a lessening of the 
sense of urgency in this whole field. 
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Representative Price. It really has not changed the situation any, 
Dr. Rast. It has not changed the situation. Certain members of 
this committee have known 

Chairman Durnam. There is plenty more to do. 

Dr. Rani. There is another aspect of science which I would like 
to stress. I think most scientists, particularly those who are concerned 
in basic research, do not look on science as a strictly utilitarian thing. 
You do not inspire a young man to go into basic science because he will 
make cheaper tires or cheaper gasoline and so on, although certainly 
he can. 

Representative Price. Doctor, Mr. Durham, the chairman of our 
full committee, has to handle a bill on the floor and he is leaving for 
that reason only. 

Chairman Durnam. Tam sorry I have to leave. 

Dr. Rast. Our effort in basic research, which is to understand na- 
ture, apart from any utility, represents one of the highest aspirations 
of the human spirit. We happen to be endowed with such faculties 
that we can seem to be able to understand the universe in which we 
live and feel that it is an obligation, in addition to being an inspira- 
tion, to carry on thiseffort for our fellow men. 

To make us feel more at home in the world and to give a greater 
meaning to the life in which we live. So even if this had no practical 
use whatsoever. it is a tremendous thing and fundamentally when you 
come down to it, it is the thing which distinguishes us from animal, 
that we can understand or try to understand the world in which we 
live. 

For that reason, I hope that in all the arguments which are given 
for the support of basic research that we do not neglect—in fact, put 
No. 1—this cultural side that basic research enables us to understand 
the universe and to enable us to understand ourselves. We just cannot 
have too much of that. 

That is why I do not like to measure it as a yardstick with respect 
to the amount of production and so on. It is more a question of how 
many people can we find who are capable of carrying on this explor- 
atory activity and doing it well. So even if our gross national prod- 
uct were to go down one-half, that does not mean that we stop to do 
this, or if it went up by a factor of 10, it does not necessarily mean that 
we could find 10 times as many people to do it. 

We should take it, it seems to me as a continuing obligation on our- 
selves in the same sense as people take religion or other activities. 

Representative Van Zanvr. Doctor, we were impressed in Russia, 
as we moved around among the people, and observed various individ- 
uals—young, middle aged, and old—reading scientific books. 

Do you think that the launching of Sputnik I and IT has impressed 
Americans of the necessity of scientific research and the benefits that 
will stem from it to the extent that we could probably launch such a 
program in this country ? 

Dr. Rast. I think we can. I think a certain change has occurred. I 
have no statistics except what certain friends of mine who teach in 
secondary schools and parents tell me. 

There is a change in interest in their boys. I think we have to take 
advantage of it soon. Otherwise, this will have been just another sen- 
sation which will pass. I think we have to provide incentives. We 
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have to do a good deal to improve the schooling. I do think there has 
been a change. In fact, 1 dare not think otherwise because I would 
despair a bit of the future of our country. 

Representative Price. Does that complete your statement ? 

Dr. Rast. Yes. 

Representative Price. Mr. Hosmer, do you have any questions? 

Representative Hosmer. No. 

Representative Price. Mr. Van Zandt, do you have any further 
questions ? 

Representative Van Zanpr. Doctor, do you think it is possible to 
move in at the grade-schoo] level and establish a more modern cur- 
riculum that would prepare the minds of young Americans to the 
extent that they would become more interested and eventually enter 
the field of physics, thereby producing for the country as a whole more 
scientific knowledge ? 

Dr. Rast. It is a complex question, Mr. Van Zandt, which I am 
certainly not competent to answer. One asks himself why these young 
people have not done it. It may be that somehow or other there has 
been a lack of incentive in that direction. 

The difference of rewards in one way or another, either in public 
recognition or in monetary rewards, have been greater in other fields 
than in the scientifie field. We must look to devise ways and means 
se that the rewards in the scientific field match those in other fields 
which are now attracting young people in large numbers. 

In other words, it must be possible for Mrs. Scientist to consider, 
when she marries this young budding scientist, that some day she will 
live in a house on the hill and go to a good restaurant and afford to 
give a big tip the way a good salesman can. I think we have to look 
to these questions. 

We cannot buck the accepted standards of our civilization. The 
English, for example, can confer a knighthood which means a great 
deal. We fortunately cannot do that sort of thing, but we have to 
look to the incentives which we can supply. 

One of the very important things, I think, in our school system is 
to come back to higher and more rigorous standards not only in 
science but in other subjects, so that you get more people who can 
write a decent paragraph or who can read some foreign language, 
perhaps Russian, with ease. 

Representative Price. Thank you very much, Dr. Rabi. We ap- 
preciate the time you have taken to come down here and give this ad- 
vice and counsel to the committee. As I have said, you have been 
helpful to us on many occasions and we appreciate your help. 

Dr. Rast. Thank you. 

Representative Price. The committee will stand in recess until 10 
o’clock tomorrow morning when we will meet in room 304 of the Old 
House Office Building. 

(Whereupon, at 12:25 p. m., Monday, February 3, 1958, the com- 
mittee adjourned, to reconvene at 10 a. m., Tuesday, February 4, 1958, 
in room 804, Old House Office Building.) 
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TUESDAY, FEBRUARY 4, 1958 


CS TORPaAa 2,epe Tix lr 7 
ONGRESS OF THE UNTrep STATES, 
SUBCOMMITTEE ON RESEARCH AND 
DEVELOPMENT OF THE JOINT 
CoMMITTEE ON Atomic ENERGY, 


Washington, D.C. 


The subcommittee met, pursuant to recess at 10 a. m., in room 304, 
Old House Office Building, Hon. Melvin Price, presiding. 

Present: Representatives Price (presiding), Durham (chairman 
of the Joint Committee), Van Zandt, Patterson, Jenkins, and Hosmer. 

Also present: George E. Brown, Jr. professional staff member. 

Representative Price. The subcommittee will be in order. 

This is the second day of public hearings by the Research and De- 
velopment Subcommittee on the basic research program as it relates 
to the atomic energy field. Yesterday, the committee heard testimony 
ranging over the entire basic research area and today we will begin 
discussions on the individual fields of specialization. 

Dr. Paul W. McDaniel, Acting Director of the Atomic Energy Com- 
mission’s Division of Research, will make a few introductory remarks 
before we hear from our first witness from the field. I would like 
to take this opportunity, Dr. McDaniel, to compliment you and your 
staff for the fine work you did in helping the committee prepare these 
hearings. 





















STATEMENT OF DR. PAUL W. McDANIEL,: ACTING DIRECTOR, 
DIVISION OF RESEARCH, UNITED STATES ATOMIC ENERGY 
COMMISSION 


Dr. McDantet. Thank you, sir. 

Representative Price. Doctor, would you proceed with your intro- 
ductory statement ? 

Dr. McDanrieu. It is indeed a pleasure to meet with the Subcom- 
mittee on Research of the Joint Atomic Energy Committee and to in- 
troduce to you during the next 2 weeks many of the distinguished 
scientists who are conducting important fundamental research under 
the auspices of the Atomic Energy Commission. 


1 Born January 1, 1916, Robard, Ky. ; married. 

Education: B: S. Western Kentucky State College, 1936; M. S. in physics, 1938; Ph. D. 
in physics, 1941, Indiana University. 

Experience: Physics assistant, Indiana University, 1937-41; physics instructor, Ala- 
bama Polytechnic Institute, 1941-42; professor of physics, 1946-53; major, U. S. Army, 
1942-45; Chief, Technical Branch, Research Division, Manhatten Engineering District, 
1945-47 ; Chief, Information and Materials Branch, 1947-48, executive officer, 1948-50; 
Deputy Direetor, 1950-57; Acting Director, 1957—; Division of Research, U. S. Atomic 
Energy Commission, field of specialization—nuclear physics. 


51 





| 
| 





52 PHYSICAL RESEARCH PROGRAM 


These men, and more than 3,000 of their colleagues, continue to make 
substantial contributions to fundamental knowledge in chemistry, 
physics, metallurgy, and in controlled thermonuclear reactions. They 
are highly qualified and productive scientists. Some are Nobel Prize 
winners, and others are young scientists of great promise; all are de- 
voted individuals dedicated to broadening our understanding of 
nature. 

These scientists will describe the areas of physical research in which 
they are working and tell you about some of the recent research in 
which they are working and tell you about some of the recent devel- 
opments which have taken place. You will find them eager and will- 
ing to explain their results to you. Please ask them any questions 
that will help you to better understand their research. 

While they are discussing their particular programs you should 
keep in mind that their research is systematic, but without direction 
except that which the investigator himself gives to it. Of course, 
administrative approvals are required for the initiation of major 
projects, but after that the research scientist is strictly on his own, 
guided primarily by his own interest in learning more about the 
working of nature. 

As you know, the physical research program of the Atomic Energy 
Commission represents a major fraction of all the fundamental atomic 
energy research in this country. The program is conducted by scien- 
tists working in the Commission’s major research centers and in the 
universities and other private laboratories of the Nation. 

The United States is dependent upon these scientists for the con- 
tinuing maintenance of our leadership in the atomic energy research 
field. Indeed, the entire atomic energy program involving, as it 
does, nuclear armaments and nuclear power, is based upon fundamental 
scientific discoveries such as: The theory of relativity, the transmuta- 
tion of elements and the fission and fusion of nuclei. 

It is true that dramatic discoveries like these do not occur every 
day. Nevertheless, the scientists working in the physical research 
program of the Commission have uncovered countless thousands of 

undamental facts of nature during the past decade. These facts are 
working their way into the foundation of our development programs 
with prodigious power. 

But the frequency of reported progress and the immediate utiliza- 
tion of newly acquired knowledge are relatively unimportant in the 
fundamental research program. What is important is that a strong 
foundation of basic research be built so that advances in applied 
research and development can continue. 

In the past few months many speakers in many forums have 
stressed the importance of the value of progressive and adequate 
fundamental research programs. Almost without exception they 
have stated that for this country to compete with other nations it 
will be necessary for us to grow stronger through continuing scien- 
tific and technological advances. 

We are being told from almost every quarter that unless we place 
more emphasis on expanding the frontiers of scientific knowledge and 
in training the next generation of scientists that we may lose our 
cultural, economic, and military position in the world today. 








PHYSICAL RESEARCH PROGRAM 53 


While we are justifiably proud of the progress being made in nuclear 
science in America we are not completely satisfied with our labors, 
for much more can be done to make our Nation stronger in nuclear 
science. 

Mr. Chairman, the staff of your subcommittee under your guidance 
has been most helpful in arranging the agenda for these hearings so 
that you, as responsible representatives of the people, can meet with 
these scientists and can hear directly from them how they conduct 
their individual research projects. 

These snapshots of selected research topics can give you only a 
general impression of the character of the physical research program 
of the Commission. Therefore, it is my understanding that at the 
special session of these hearings on February 14, you will wish to 
review the program in more detail. 

On that day we will present you with an outline of the entire 
physical research program and answer such questions as you may 
wish to put to us. 

Representative Price. Are there any questions? If not, thank you 
very much, Dr. McDaniel, for your introductory statement, and once 
again for the help you have given in producing before the committee 
the men who eat do the work in the field and who will help us to 
make this public record so that we may better educate the people of 
the country on what basic research aie is and what may come from 
it. We hope that through these hearings will come a better under- 
standing among the people throughout the country on the importance 
of basic research to our security and the Nation’s economy. 

Dr. McDante.. Sir, we share those thoughts. 

Representative Price. The first witness this morning is Dr. Gerhart 
Friedlander, of the Brookhaven National Laboratory. 

Dr. Friedlander, is an outstanding nuclear chemist, who was at 
the Los Alamos Laboratory during the war and for the last 10 years 
has been a member of the staff of the Brookhaven National Laboratory, 
where he is a senior chemist. 

Doctor, would you proceed, please ? 


STATEMENT OF DR. GERHART FRIEDLANDER,' CHEMISTRY DE- 


PARTMENT, BROOKHAVEN NATIONAL LABORATORY, UPTON, 
LONG ISLAND, N. Y. 


Dr. Frreptanper. Thank you, Mr. Chairman. 

Mr. Chairman, members of the committee, it is a real privilege to 
be able to talk with you this morning about one of the very interesting 
phases of research that has become possible through the construction 


of very high energy accelerators, such as the Cosmotron at Brook- 
haven. 


1Born: July 28, 1916, Munich, Germany. Married: February 6, 1941, to Gertrude 
Mass. Children: Ruth A. (14) and Joan C. (12). Citizenship: United States by naturali- 
zation (1943). 

Education: Elementary and high schools in Munich, Germany; B. S. in chemistry, U. of 
Calif.. 1939; Ph. D. in chemistry, U. of Calif., 1942. 

Positions: Instructor in chemistry, U. of Idaho, Moscow, Idaho, 1942-43; chemist. 
Los Alamos Laboratory, 1943-46; research associate, Research Laboratory, Gen- 
eral Electric Co., 1946-48: visiting lecturer, Washington University, 1948; chemist, 
Brookhaven National Laboratory, 1948-52; senior chemist, Brookhaven National Labora- 


tory since 1952; member of Advisory Committee for Analytical Chemistry, Oak Ridge 
National Laboratory since 1957. 
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The work I am going to discuss today is a cooperative effort by 
some 20 or 30 people that has been done over the past few years at 
Brookhaven. Similar work has now been going on for some time also 
at the Berkeley Bevatron, but I will confine myself to the work that 
Iam most familiar with, that at Brookhaven. 

What we have been interested in is the fate of an atomic nucleus 
when it is struck by very high energy —— such as are accelerated 
in the Brookhaven Cosmotron. What happens as you might imagine, 
is that the nucleus gets broken up when it is hit by these Migleesneals 
particles, and one reason for studying this break-up cman is that 
in doing so we can learn more about the constitution of atomic nuclei 
and the forces holding them together. 

There are a number of different techniques available for studyin 
such processes. The physicists in general have been studying ome 
fragments which come off when the nucleus is hit by these high-energy 
aa small fragments such as neutrons, protons, mesons, and 
others. 

The chemist, on the other hand, has been more concerned with the 
remains of the nucleus that we can find after this rather violent 
reaction has taken place. We study the residual nuclei at the end 
of the nuclear reaction. These residual nuclei may be radioactive, 
and in that case we can measure them in terms of the characteristic 
radiations they emit, or they may be ordinary stable nuclei, in which 
case we can study them by using mass spectrometers. 

In any case, these residual nuclei differ in kind, both in atomic 
weight, and also in most cases in their charge, from the nuclei that we 
started with, and therefore, after the irradiation, we can separate 
them from the target material. 

I won’t go into the details of how these experiments are carried on. 
Professor Seaborg already touched upon this yesterday in his talk. 
The procedure is simply this: A target material, which may be a metal 
foil, is exposed to the beam of high energy particles, and after the 
exposure, which may last for anywhere from seconds to hours, de- 
pending on the particular situation, one subjects this target material 
to special types of chemical analyses and separates out the tiny amounts 
of transmuted elements that have been formed in the nuclear reactions. 

To put our research effort into prospective, I should say that while 
such studies had been done for energies up to a few hundred Mev., 
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there was no way of knowing in 1952 when the cosmotron started 
operating—whether one could do fruitful research in this manner in 
the region of billions of electron volts, The cosmotron was the first 
machine which accelerated protons to these energies. The prevalent 
opinion at the time was that there might not be very much point at 
these extremely high energies to look at the residues of nuclear reac- 
tions. Fortunately, we were sufficiently curious to do some experi- 
ments anyway, and it turned out very soon that indeed there was a 
fruitful field for research and we have had a pretty exciting program 
ever since. 

Representative Price. Doctor, does that mean that the more you 
increase the energy of the cosmotron, the more fruitful the researcn 
may be? 

Dr. Frieptanper. No, I would not say that at all. It simply means 
that in reaching a new energy range that has not been previously ex- 
plored one does not know what one may come up against. 

Representative Price. Why do you start jumping from 6.5 up to 25 
Bev. and in some places even beyond that. 

Dr. Frrepianver. There are various reasons for this. In particular, 
new kinds of particles have been discovered in Berkeley with the 6.5- 
Bev. machine, antiprotons and antineutrons, and one knows both from 
theory and from what has been observed at Berkeley that the produc- 
tion of these particles will be very much more copious at 25-Bev. One 
will be able to do much research with these particles in the 25-Bev. 
energy range. 

Representative DurHam. In what direction, Doctor? 

Dr. Frieptanper. Pure research in the high-energy field. What 
other applications may come out of this, I would not want to predict. 

As I mentioned, it became clear very early in our studies that very 
complex reactions became prevalent in the Bev. energy range, but one 
of the rather interesting points we found was that simple types of re- 
actions also are still taking place with considerable probability, and 
because we felt that such simple reactions might be easier to interpret, 
we paid a certain amount of attention to these. 

I will just say a few things about them. One of the simple reactions 
which we have studied in some detail is a so-called p,pn reaction. It is 
a reaction in which a proton enters the nucleus and a proton and neu- 


tron leave. ‘The net effect is simply that one has knocked out a neutron 
from the nucleus. 


| 
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Ficure 1. 


p, pn Reaction 
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If I may see the first chart I have (fig. 1), I will show you how one 
can picture such a reaction. You have a nucleus with neutrons and 
protons represented by these dots. If a proton comes in and happens 
to strike a neutron somewhere near the edge of the nucleus in such a 
way that both particles can fly out without hitting other protons and 
neutrons in the nucleus, we have such a simple process. 

We have studied the probability or cross section for the p,pn reac- 
tion in a number of nuclei. If the simple picture represented on the 
chart (fig. 1) is correct—and we have some reason to believe that it is 
correct, which I cannot go into now—then one would expect the cross 
section of the reaction to vary in a smooth manner with the overall 
size of the nucleus. The bigger the nucleus the bigger should be the 
chance that a neutron somewhere near the periphery is hit. Yet we 
found that there were individual variations in p,pn cross sections from 
nucleus to nucleus which were as much as 30 or 40 percent and not 
correlated with the overall nucleus size. 

Here is an intriguing possibility for an application of a high-energy 

rocess which we had no way of knowing about in advance. One may, 
ib studying p,pn cross sections, be able to obtain information on some 
rather fine details of nuclear structure, namely, the density of neu- 
trons near the periphery of nuclei. 


FIGURE 2. 
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As I said before, these simple reactions are by no means the prev- 
alent ones. In fact, at the Bev. energies we find that the reactions 
in general are quite complex and I can illustrate that with the next 
chart I have (fig. 2), in which I have summarized the results we 
have obtained on the interaction of 2.2-Bev. protons with copper. 

I have plotted here simply the cross section for producing a certain 
product against the mass number of that product. Copper has two 
stable isotopes of mass 63 and 65, You can see from this curve that 
when we bombard copper with 2.2-Bev. protons we get products all 
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the way down the mass range. There are, in other words, many dif- 
ferent ways in which a copper nucleus can be disintegrated. 

For comparison I have shown in figure 2, the results of a similar 
study of copper transmutations done several years ago at Berkeley 
with 340-Mev. protons. You see that here the spectrum of product 
masses is much narrower. We only make products within about 10 
mass numbers, of copper. We do not make the more violent reactions 
that are represented by most of the 2.2-Bev. curve. 

In other types of studies we have investigated the change of a par- 
ticular reaction cross section with energy. On the next chart (fig. 
3) I have plotted some representative examples of so-called excitation 
functions (plots of reaction cross section vs. energy ). 


FIGURE 3. 
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I cannot go into any detail, but you can see that as we change the 
bombarding energy (plotted horizontally), the cross section (plotted 
vertically) changes in various ways. Some reaction cross sections in- 
crease with increasing energy ; others decrease with increasing energy. 
Still others go through a maximum, and finally there are some which 
are essentially flat. 

; We have studied dozens of such excitation functions and we have 
obtained a very large body of information. 
The question arises; can we make any sense out of all this? Are we ) 
just collecting data or is there some rhyme or reason to what we find? . 
We are still in the process of making sense out of it, but I can say | 
that we have made considerable progress in understanding what goes ) 
on. We can now, on the basis of our experience, make some predic- 
tions. 
Representative Durnam. What are those processes ? 
Dr. Frrepianper. These curves (fig. 3) are all for reactions of 
lead and gold, all for heavy elements. ou get similar data in lighter 
elements, also. We have studied target elements all the way from the 
lightest elements up to uranium. There is, of course, a tremendous 
amount of information to be obtained—if you consider that one wants 
to study every element at many different energies and separate out all 
the possible products. We have not completed any such program 
and probably won’t in a lifetime. What we are interested in is trying 
to find the systematic trends and to understand in some manner what 
goes on in these processes. We have been able to do this in terms of 
a rather simple model. At least we have been able to understand some 
of the processes. 
| The model I refer to was originally suggested about 10 years ago 





eel 


by Professor Serber, now at Columbia University for reactions in 1 

the 100-Mev region, and the model may be described approximately 
1 as follows: i 
1 One can consider the reactions as taking place in two stages. In | 
a 


the first stage what happens is what I showed you in the diagram of 

: the simple p,pn reaction; namely, a proton hits an individual proton 

or neutron in a nucleus in the manner of a billiard ball collision. | 
Representative Durnam. How does the Betatron enter into this | 

; field? Is it a valuable tool in this type of research? | 

| Dr. Frreptanver. The Betatron, you say ¢ | 

: Representative DurHam. Yes. 





Dr. Frrepianver. In the Betatron one uses not protons but gamma 

rays for the irradiations and one can do work with gamma rays simi- 

lar to the proton work I am discussing. The Betatron is another val- 
uable tool for the extension of our knowledge of nuclear processes. | 
To return to the first stage of our reactions, one has a series of | 
billiard ball collisions. Each neutron or proton that has been struck | 
may now again strike other neutrons and protons and this leads to | 
a cascade of protons and neutrons moving around in the nucleus. | 
This cascade goes on until all these particles which get to the edge | 
of the nucleus with enough energy to get out past the range of the | 
nuclear binding forces have thus escaped. Other lower-energy par- | 
ticles will just keep bouncing around in the nucleus, contributing to ; | 
what we call the excitation energy of the nucleus. Eventually in a it 
second, much slower stage, other particles will gradually be emitted, tl 
28103—58——_5 ql 








60 PHYSICAL RESEARCH PROGRAM 


and since the behavior of the excited nucleus in this second stage may 
be considered analogous to that of a heated drop of liquid, the second 
process is called “evaporation.” 

We have now made calculations on the basis of this model, particu- 
larly of what happens in the first so-called “cascade” stage of nu- 
clear reactions. Such calculations were done recently in collaboration 
with several people at Los Alamos, the University of Chicago, and 
Columbia University, with the aid of the high speed computer at 
Los Alamos, called the Maniac. 

I cannot go into any details about how the calculations were done. 
They were performed by what is called a Monte Carlo method which 
is a technique for following such a complicated process on paper, in 
the same manner that we think it might go on in nature. 

Representative Price. Why is it called the Monte Carlo method? 

Dr. Frreptanver. Because it is done essentially by playing suc- 
cessive games of chance. If you follow a single process, for instance 
a proton finding its way through the nucleus, then you can break this 
down into various individual processes, and at each step you can 
consider the various possible choices of what may happen. 

I can illustrate this with a very simple example: If a proton hits 
another particle, you have to decide: Is it a proton or neutron that is 
being hit? Suppose in the particular nucleus there are 60 neutrons and 
40 protons; then the chances are 60 percent that the particle hit was a 
neutron and 40 percent that it was a proton. If you now spin a rou- 
lette wheel which has 100 positions and if the number that you end 
up with happens to be between zero and 60, then you say a neutron has 
been hit. If the number is between 60 and 100, then you say a proton 
has been hit. 

In a similar way one can make a decision on any other point, pro- 
vided one knows the relative probabilities of the various possibilities. 
To decide on the angle at which two particles bounce off, one can again 
pick this from the known probabilities of various angles in the ele- 
mentary scattering process by just spinning a roulette wheel. One can 
literally make these choices by spinning a roulette wheel; but to com- 
pute a large number of nuclear cascades this way would take an un- 
reasonable amount of time. By using a high-speed computer, it can be 
done quickly. 

Representative Price. Is this the area in which Dr. von Neuman 
did considerable work? 

Dr. Frrepuanper. Yes. As a matter of fact, Dr. von Neuman was 
one of the originators of this Monte Carlo method. It has been ap- 
plied to very many types of physical problems. This is just one appli- 
cation that we have used here. We have not originated the method 
even for this application. We have merely extended it into a new 
energy range and we have found that the model which was originally 
conceived for a much lower energy still appears to be quite useful at 
Bev. energies. 
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The histograms represent the results of Monte Carlo calculations. The smooth 
curves are the experimental data of fig. 2. 


I can show you this on the next chart (fig. 4) which gives the cal- 
culated distributions that we obtained for the products from the inter- 
action of copper with high energy particles. These jagged lines are 
the calculated data. The reason they are jagged is that the statistical 
accuracy is not good enough to smooth them out. 

Along with the calculated data I have reproduced here the curves 
which you saw previously for the experimental data (fig. 2). We 
have done the calculations both at 1.8 Bev. for comparison with the 
experimental data at 2.2 Bev. and at 360 Mev. for comparison with 
the lower energy data, and you can see that the calculated data fit the 
experimental ones quite well at both energies. This indicates to us 
that in an overall way the model which we are using makes some 
sense and accounts for a good fraction of the reactions. 

In fact, we have a fairly good idea now why it is that at these higher 
energies the more complex reactions which involve much larger dis- 
ruptions of the nucleus become so much more prevalent. This has 
to do with the fact that in this energy region we do not have just sim- 
ple billiard ball collisions in which the protons and neutrons bounce 
off each other, but we also have production of pi-mesons, which are 
thought to be the “glue” which holds nuclei together. Above 400 or 
500 Mev., when we have collisions in the nucleus, these pi-mesons are 
| pe with considerable probability, and they in turn have very 

igh cross sections for interacting with protons and neutrons in the 
nucleus so they do not get very far. If a pi-meson is produced in the 
middle of a nucleus, then it does not get out very easily, but it bounces 
around and hits other protons and neutrons, distributing its energy 
around. So this is a very efficient mechanism for transferring energy 
from the incident proton to the nucleus as a whole, and this is what 
accounts for the rather radical change in the shape of the mass-yield 
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curve as you go from a few hundred Mev. to a few Bev. in energy (see 
fig. 4). 

“i a not want to leave you with the impression that we understand 
this whole field completely. We understand in a limited manner 
some of the overall features, but we have already found a number 
of reactions which we cannot explain in terms of our model. We 
know that the model needs to be refined in many ways. We know 
that for some reactions other yet unknown mechanisms will have to 
be postulated. 

FIGURE 5. 
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I will just end up here by showing you one of these types of re- 
actions which we cannot understand in terms of such a simple model. 
This is the production of very light elements from heavy-element 
targets. In figure 5 are shown, as a function of energy, the produc- 
tion cross sections for two light-element products, sodium-24 and 
fluorite-18, formed from lead and uranium, respectively. These are 
reactions which become very much more probable at Bev. energies; 
as you can see, these cross sections keep going up in this range. Here 
is a reaction which we cannot at all account for in terms of the model 
that I have mentioned. Our calculations do not indicate that we 
should get such processes, and we clearly have to find an entirely new 
kind of mechanism for the explanation of these phenomena. 

I can summarize by saying that in a field which was really virgin 
territory 6 years ago, we have been able to make considerable prog- 
ress, amass a large amount of information and systemize a large frac- 
tion of this information, but we have also found a new phenomena 
which still await explanation. 

Representative Price. Thank you very much, Doctor. 

Mr. Durham ? 

Mr. Duruam. Doctor, could you assess the work that is going on 
in other parts of the world in comparison with ours at the present 
time in this field of high energy ? 

Dr. Frreptanper. I would not like to speak about the field of high 
energy as a whole, but only of the particular chemical applications 
that 1 am more familiar with. There is such work going on in Eng- 
land and in the Soviet Union. There is a 1-Bev. accelerator in Bir- 
mingham, England. There is now a 10-Bev. machine in Russia, but 
so far we have not heard of any results obtained by this machine. 
The Russians have done a fair amount of work in this field, with 
their 680-Mev. cyclotron, which is in a somewhat lower energy range. 
They obviously have a considerable number of people working in this 
field who will certainly also use the new 10-Bev. machine. 

, Representative DurHam. What is Dr. Veksler’s reputation in this 
eld? 

Dr. Frrepianper. Dr. Veksler’s field is high-energy physics and 
accelerator design and his reputation is very high as far as I know. 

Representative Van Zanpr. Have you ever met him ? 

Dr. Frreptanver. No; I have heard him speak when he was in this 
country. 

Representative Van Zanpr. We met him this summer. He is quite 
an individual. He isa little bundle of energy. 

Representative Duruam. Is France doing any work in this field? 

Dr. Frrepianper. France has constructed a 3-Bev. accelerator 
very similar to the cosmotron and it is just about to start up in the 
next few months. 

Representative DurnaAm. It isanicetool. We saw it. 

Dr. Frreptanver. Yes; they are interested in starting up in this 
field. I have been in contact with some of their scientists. 

Representative DuruAm. It is well designed and constructed well 
in comparison to ours. 

Dr. Frrepianver. Apparently so. 

Representative Pricr. Do you have any space problems as far as 
your work is concerned ? 
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Dr. Frreptanper. We certainly do. 

Representative Price. Could you give us some idea how serious it 

might be and how it would hamper you in your work? 
_ Dr. Frrepianper. We have two space problems in this connection. 
One is the space at the cosmotron where the area for experimental 
work has been very limited, and, in particular, because of the need for 
more extensive shielding of the machine for radition reasons, the area 
has been more and more compressed. 

I understand there is now money available for a new experimental 
area addition to the cosmotron building. 

Representative Price. Is that the area where you had some difficulty 
with the budget last year ¢ 

Dr. FrrepLanper. Yes. 

Representative Price. There was 60 percent knocked off. However, 
this commitee put it back for you. 

Dr. Frreptanper. I was very pleased to hear that this committee 
did. Lappreciate your efforts. 

Another area where we have now a considerable space problem is in 
our laboratory area in the chemistry department at Brookhaven. 
We are still in the temporary buildings which we started occupying 
10 years ago and apart from some small additions of a room here 
and there we are in the same area that we have been in since 1948. 

This has become extremely cramped because our research efforts 
have grown and our staff has grown. 

Chairman Durnam. What is the number of your personnel at the 
research level? I am not just talking about ordinary personnel. 
Beginning with the research level, what is the number of your people 
at the present time in this project ¢ 

Dr. Frreptanver. In this project, about. 10. 

Chairman Duruam. Is that all? 

Dr. Frrepianper. Ten or 12. Some people work occasionally in this 
field, but also on other problems, so the number is slightly fuzzy, but 
it is in that range. 

Representative Van Zanpr. Doctor, you mentioned the lack of 
space. What about equipment ? 

Dr. Frreptanver. This goes together to some extent. We have not 
been so much hampered by lack of equipment except in the sense that 
we cannot keep acquiring equipment unless we find space to put it. 

Representative Van Zanpr. Could you comment on the overall 
effort in this country from the standpoint of lack of equipment and 
whether it has impeded the progress in the field? 

Dr. Frrepianper. I would hate to comment on other laboratories’ 
situations, that I am not intimately familiar with. There are only 
a few laboratories that have worked in this field because there are 
only a few high-energy proton accelerators so far. 

The principal ones are at Berkeley, Chicago, Brookhaven, and Co- 
lumbia. I think there certainly has been some curtailment of this type 
of work because of lack of equipment. I think it is quite clear that we 
could do more if we had more equipment and especially if we had 
more space. 

Representative Van Zanpt. This is a very important field because, 
unless we provide the equipment, we will impede the progress that is 
necessary for us to keep abreast of other nations of the world? 
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Dr. Frreptanper. I would think so. According to the information 
which we have about the Russian effort, they have a considerably 
larger number of people working in this field. I think, as Dr. Rabi 
said yesterday, to date they have probably not done as well as this 
country has in this field and in others, but if we do not do something 
about it soon, they may well overtake us. 

Representative Price. They are building a separate laboratory for 
high-energy studies in the Soviet Union ? 

Dr. Frrepianper. Yes. 

Representative Van Zanpr. Have you ever visited their laboratory ? 

Dr. Frreptanver. No; I have never been in the Soviet Union. 

Representative Van Zanpr. We were greatly impressed with the 
magnitude of the installations. They have three operational areas and 
in each of them they are in the middle of an expansion program at the 
present time. 

If they exceed us at this moment, it stands to reason that this time 
next year they will be further ahead of us. 

Dr. Frrepianper. I certainly feel that we should expand our facili- 
ties more rapidly than we have done in the past, especially facilities 
for pure research in this and many other areas. I think space and 
buildings are one of the bottlenecks and stumbling blocks. As you 
know, last year the whole construction program was very severely cur- 
tailed and this hit us hard at Brookhaven. 

Chairman Durnam. At the present time where do you go to use 
the computer system ? 

Dr. FrtepLanper. We have used the Los Alamos computer and co- 
operated with several scientists at Los Alamos. At the present time 
Brookhaven is constructing a computer of its own which will be ready 
about a year from now. Then we hope to be able to use our own com- 
puter. We also make use of some of the computing facilities at New 
York University which are under Atomic Energy Commission aus- 
pices. 

Chairman Durnam. It would save you a lot of time to have your 
own. 

Dr. Frrepianver. Yes; it certainly would. 

Representative Pricer. Mr. Hosmer? 

Representative Hosmer. I wonder, Doctor, if you can give us either 
the time magnitude or the relative times of the cascade and evapora- 
tion stages. 

Dr. Frreptanver. The cascade stage takes place in something like 
10 to minus 22 seconds. The evaporation stage, depending on the par- 
ticular energy of the nucleus, may be a thousand or a million times 
longer in duration. 

Representative Hosmer. The Pi-meson, is that conceived to be some- 
thing in the nature of a mass or an energy bundle? 

Dr. Frreptanver. It can be both. It is a well-defined particle with 
mass that has been observed in a free state and is known to make col- 
lisions just like neutrons and protons. 

Sapreannasave Hosmer. Does it have a very short duration of exist- 
ence 


Dr. Frreptanver. Yes. It has a short lifetime of a fraction of a 
millionth of a second. 
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Representative Van Zanpr. Doctor, what advantage is there to be 
gained from a concentration of this effort such as Russia has at Dubno? 

Dr. Frrep.anper. I suppose there are advantages and disadvantages 
to this. I would hate to see a concentration of such an effort in just 
one laboratory in the United States. I think it is always very healthy 
to have a certain amount of competition in science, also. It helps 
stimulate the research if different groups are working in the same field. 

I think, in this field of high energy work, there clearly has to be 
concentration in a few places because you cannot have a 10-Bev. ac- 
celerator at every university. 

Representative VAN Zanpr. Russia has her Dubno. We have our 
Berkeley, Argonne, Brookhaven, and Columbia. 

Dr. Frrepianver. That is right. 

Representative Price. When you get to the economics of the high- 
voltage accelerator, from an area point of view it is good for it to re- 
tain its scientists and it is almost a necessity to have these high-energy 
accelerators to do so. If you have them on the east coast and west 
coast, then the best people from the Midwest will have to go to the east 
coast and west coast to do their research. 

Dr. Frreptanver. That is probably true. I can see good reasons 
why there should be a laboratory of this kind in the Midwest, also. 

Representative Pricz. I have known of cases where the Midwest 
lost a couple of good ones—just recently a Nobel Prize winner. The 
did not have the accessibility to an accelerator in the Midwest whic 
people did at Brookhaven. 

Mr. Jenkins? 

Representative Jenkins. I have nothing, Mr. Chairman. 

Representative Price. Are there any more questions ? 

If not, thank you very much, Doctor. 

Dr. Frreptanper. Thank you for the opportunity to testify. 

(Dr. Friedlander’s complete statement follows :) 


CHEMICAL StupIEs oF HIGH-ENERGY NUCLEAR REACTIONS 


By Gerhard Friedlander, Chemistry Department, Brookhaven National Labora- 
tory, Upton, Long Island, N. Y. 


Mr. Chairman, ladies and gentlemen, it is a privilege to be able to talk with 
you this morning about one of the most interesting phases of research made 
possible through the availability of large-particle accelerators such as the Brook- 
haven Cosmotron. The work I am going to discuss represents a cooperative 
effort of about 20 people—too many to name individually here—who have worked 
for various periods of time at Brookhaven during the past 5 years and include, 
besides Brookhaven staff members, visiting scientists from a number of 
universities. 

What we have been interested in is the fate of an atomic nucleus when it 
is hit by a proton of very high energy. What happens in a general way is a 
breakup of the nucleus, and the reason for investigating such processes is that, 
by breaking nuclei down, we can learn more about their constitution and about 
the forces holding them together. Various techniques are available for such 
studies of nuclear reactions and they all complement each other. The various 
splinters of nuclear matter that come off—protons, neutrons, mesons, and other 
heavier fragments—can be observed and identified through the tracks they leave 
in cloud chambers or photographic emulsions or they may be detected in 
counters, and these are the methods principally used by physicists. The nuclear 
chemist on the other hand usually examiens what remains of the nucleus after 
these splinters have flown off. This residual nucleus has a composition differ- 
ent from that of the initial target nucleus, i. e. it has a different (usually 
smaller) mass and also, in general, a different charge and therefore belongs to 
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a different chemical element. It may be the nucleus of an ordinary stable 
species such as occurs in nature or it may be that of a radioactive isotope which 
subsequently decays with some characteristic half life and with the emission 
of radiation. 

These characteristic radiations make the detection and identification of the 
nuclear species produced relatively easy, whereas stable end products of nuclear 
reactions are much more difficult to detect, requiring mass spectrometers of the 
highest sensitivity. The detection of either a stable or a radioactive product 
requires the presence of many product atoms—usually at least millions—and in 
this way the approach of the nuclear chemist is quite different from that of 
the physicist who, with the methods mentioned before, can observe individual 
events. 

The usual procedure for the chemical investigation of a nuclear reaction is 
to expose the target material, say in the form of a metal foil, to the beam of 
bombarding particles for a given length of time, usually somewhere between 
a few seconds and a few hours. During this time many target nuclei—per- 
haps many billions—are transformed to other nuclei. Yet this represents such 
a negligible fraction of the total target material (perhaps 1 part in 10 billion) 
that the appearance and gross physical properties of the target are quite un- 
changed. To isolate the tiny amounts of reaction products, the target, after 
irradiation, is subject to chemical analyses. If the product of interest is radio- 
active it is usually convenient to add a weighable amount of the ordinary stable 
form of the same element prior to the chemical separations: the radioactive 
isotope will behave chemically like the stable element and follow it through 
the various steps of the procedure. 

To put our research effort into perspective I should like to mention that at 
the time the Cosmotron came into operation late in 1952 no one knew that it 
could be fruitfully used for radiochemical studies. It was the first accelerator 
to produce particles in the energy range of billions of electron volts, and there 
were no reliable predictions of what would happen as a result of interactions 
of such particles with atomic nuclei. Although the prevalent view was that 
there was little point in investigating reaction products radiochemically, Prof. 
J. M. Miller, of Columbia University, and I were sufficiently curious to try 
some simple experiments, and we immediately found intriguing results which 
led us to continue these studies. We have had a very exciting research pro- 
gram ever since. 

It became clear very soon that in this new energy range reactions are gen- 
erally much more complex than in the previously explored region of bombard- 
ing energies up to about 500 million electron volts (Mev.). Yet we also found 
that very simple reactions, that is reactions in which the target nuclei are only 
slightly modified, are still quite likely, even when the bombarding energy is in 
the billion electron volt (Bev.) range. One such reaction which we have studied 
in some detail is the so-called p,pn reaction, that is a reaction in which a proton 
enters and a proton and neutron leave the nucleus. The simplest way for this 
particular reaction to take place is as follows: A proton strikes a neutron in the 
nucleus and both these particles leave the nucleus without making any other 
collisions. This is shown pictorially in figure 1 (p. 56). We actually have 
found some evidence to support this simple knock-on mechanism for p,pn reac- 
tions. If this picture is correct and if nuclei are just assemblies of neutrons and 
protons, then we certainly expect the chance of a p,pn reaction taking place to 
vary in some simple, smooth manner with the size of the target nucleus. This 
turns out not to be the case. Among nuclei having practically the same overall 
size we find the chance of a p,pn reaction taking place or, as one calls it, the cross 
section for such a reaction, to vary by as much as 40 percent. Looking at figure 1 
Wwe can readily see that a p,pn reaction is most likely when the incident proton 
strikes near the periphery of a nucleus—if it strikes anywhere else it is much 
less probable that both collision partners will escape without doing further 
damage to the nucleus. We then have the interesting conclusion that the in- 
dividual variations in p,pn cross sections we observe may reflect differences in 
the population of neutrons near the nuclear periphery rather than just variations 
in overall nuclear size. In other words it may become possible to probe into 
some details of nuclear structure by means of these high-energy bombardments, 
and we expect to look into this possibility in more detail. 

As I already mentioned, very simple processes such as p,pn reactions are by 
no means the chief results of the interaction of high-energy protons with 
nuclei. In fact, they account for only a few percent of the interactions. A large 
fraction of the high energy encounters leads to the loss of 10 or 30 or 50 nucleons 
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(neutrons and protons) from the nucleus. This is illustrated in figure 2 which 
summarizes our data on the products resulting from the interaction of copper 
with 2.2-Bev. protons. What is plotted is the cross section or probability for 
producing any given mass number (A) against the mass number, mass number 
being defined as the total number of neutrons and protons in the nucleus. 
Copper consists of two isotopes of mass numbers 63 and 65, and you can see 
that observed products range all the way from there down to very small mass 
numbers, with maximum yields occurring somewhere in the region of A—50 and 
again, presumably, at A-1l. (The latter peak would be far off the graph.) For 
comparison I have shown on the same figure the corresponding data obtained 
some years ago in Berkeley by Miller, Batzel, and Seaborg at a much lower 
bombarding energy, namely 340 Mev. Before commenting on the shapes of these 
eurves I should perhaps point out that each of them is based on a very large 
number of individual data. Yields of over 40 radioactive isotopes were deter- 
mined, and each such determination involved many radioactivity measurements 
over periods of hours, days, or months. The curves include estimated con- 
tributions of stable products also. These unmeasured yields are estimated from 
the systematic trends among the measured yields. In this connection I might 
mention the importance of actual measurements of the yields of such stable 
products to check on the validity of our interpolations. Very recently Drs. 
Schaeffer and Ziihringer at Brookhaven and Dr. Bieri at the University of 
Minnesota have succeeded in making such measurements for rare gas products 
(argon, neon, and helium isotopes) by means of mass spectrometers of very high 
sensitivity, and the results appear to confirm our estimates quite well. Further 
work along these lines is in progress. 

Returning to the two curves in figure 2 (p. 57) we can see that they differ 
quite markedly in shape. In particular, the cross sections for producing nuclei 
of mass numbers below about 50 from copper are much higher with 2.2-Bey. 
than with 340-Mev. protons, reflecting the much more thorough disruption of 
the nucleus at the higher energy. To obtain more detailed information about 
the change in the pattern of interactions with energy, it is often of interest to 
Study the energy dependence of particular reaction cross sections, and we 
have carried out many studies of this kind. For different kinds of reactions 
we have found quite different shapes for these so-called excitation functions, 
i. e. plots of reaction cross section vs. bombarding energy. Without being able 
to go into detail I want to display examples of several different shapes in 
figure 3 (p. —). These examples all concern interactions in heavy elements 
(lead and gold). As you can see, some cross sections are almost constant, others 
increase with energy, still others decrease, and finally there are some that go 
through maxima. 

The question is: Is there any rhyme or reason to all this? Can we account 
for the observations and can we perhaps even predict the outcome of experiments 
not yet tried? The answer at this stage is a qualified yes. We have certainly 
built up enough of a body of experimental material to see many systematic 
trends and to be able in Some cases to make reasonable predictions of the results 
of new experiments. But more than that, a fairly successful model has been 
developed to account for high-energy reactions. In this model, based on a 
suggestion by R. Serber, now at Columbia University, a high-energy reaction 
proceeds in two stages. In the first, so-called knock-on stage, the incident 
particle is thought to collide with an individual neutron or proton in the nucleus, 
the two collision partners bounce off and may hit other neutrons or protons in 
the nucleus, and so on until all the particles involved in this knock-on cascade 
have either reached the nuclear boundary with sufficient energy to escape or 
have such low energies that they cannot overcome the nuclear binding forces 
and therefore remain in the nucleus. 

After this very rapid stage a nucleus in a more or less highly excited state 
remains, and this excitation energy is presumed to be dissipated on a slower 
time scale, generally by emission of additional neutrons and protons, or aggre- 
gates of neutrons and protons. Such emission can now presumably occur only 
when, after many collisions and as a result of fluctuations in energy transfers 
in these collisions, enough energy happens to get concentrated on one particle 
for it to leave the nucleus. This second stage is called evaporation, in analogy 
to the behavior of a heated liquid. 

Some calculations on the basis of this model were first carried out 10 years 
ago for incident energies around 100 Mev., and subsequently the cascade- 
evaporation model was rather successful in accounting for reactions in the 
synchrocyclotron range, i. e. up to about 400 Mev. bombarding energy. When 
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we began to explore the next higher energy region we were naturally anxious 
to see if the same model could be extended to account for the phenomena observed 
there. In cooperation with Professor A. Turkevich at the University of Chicago, 
Professor J. M. Miller of Columbia University, and Dr. N. Metropolis and 
Messrs. R. Bivins and M. Storm of Los Alamos we set out to carry out detailed 
calculations of the cascade phase of nuclear reactions for energies up to 2 Bev. 
with the aid of the Los Alamos high-speed computer called the Maniac. More 
recently Professor I. Dostrovsky of the Weizmann Institute of Science in Israel, 
who worked with us for a year, has begun calculations of the evaporation phase. 
I will say a few words on the former calculations which have recently been 
completed at least to the point where we can make useful comparisons with 
experimental data. 

All these calculations are performed by what is called the Monte Carlo method. 
What this means is roughly the following. An individual event is traced step 
by step, i. e., the path of an incident proton is calculated through all its collisions 
with neutrons and protons in the nucleus, and each time a collision takes place 
the struck particles are also followed through their further collisions until the 
whole cascade process is complete. At each step where there are several possi- 
bilities, e. g., when a decision is to be made as to whether a neutron or a proton 
will be hit, or at what angle a particle will bounce off, the decision is made by 
a random choice from all the possibilities, appropriately weighted. This mak- 
ing of random choices is reminiscent of games of chance and could, in fact, be 
accomplished by spinning a roulette wheel. Hence the name Monte Carlo cal- 
culation. The high-energy nuclear cascade processes are very complex. An 
individual cascade involves sometimes hundreds of consecutive random choices, 
and to get statistically significant results one needs to follow at least hundreds 
of cascades for a given combination of target nucleus and incident particle. 
Furthermore, we wanted to study several representative target nuclei throughout 
the table of elements at several different incident energies. That is why only a 
high-speed computer could do this job. The results of our calculations fill a 
book shelf. 

What comes out of this Monte Carlo calculation are rather detailed predic- 
tions about the kinds, numbers, energies, and angles of the particles that are 
emitted from the nucleus in the course of the cascade phase of the reaction. 
Such predictions can be checked against experimental data, and the agreement 
is by and large satisfactory and gives us confidence that the model underlying 
the calculations is not a bad one. The calculation also predicts how much 
energy remains deposited in the nucleus at the end of the cascade, and this pre- 
sumably is dissipated in the subsequent evaporation. We know enough about 
the evaporation phase to conclude approximately what reduction in mass number 
will result from a given amount of energy in the nucleus. 

As a result, we can use the Monte Carlo calculations to predict the final dis- 
tribution of mass numbers at the end of the reaction. Figure 4 shows such 
predicted mass-yield curves for copper bombarded with 360-Mev. and 1.8-Bev. 
protons, respectively, and these can be compared directly with the experimental 
data on copper interactions shown earlier and reproduced again in figure 4 
(p. 61). You ean see that the agreement is quite good; certainly the change 
in the shape of the curve with energy as well reproduced by the calculation. 

On closer analysis of the situation we find that, in the calculations, this large 
change in pattern in going from about 300-Mev. to 2-Bev. is closely connected 
with the fact that above about 400-Mev., collisions between nucleons are no 
longer necessarily just elastic billiard ball collisions, but that pi-mesons may 
be set free in such encounters. Pi-mesons are presumably the glue that holds 
nuclear matter together. We know from observations on elementary-particle 
collisions—e, g., protons hitting free protons—that these r mesons are produced 
in large abundance at bombarding energies above 400-Mev. We also know that 
pi-mesons have large cross sections for collision with protons and neutrons. 
As a result, when a pi-meson is created inside a nucleus it does not get very 
far before it distributes some or all of its energy among several nucleons. Thus 
the production and subsequent interactions of 7 mesons provide a very efficient 
mechanism for energy transfers from an incident proton to the struck nucleus, 
and this can account well for the increase in complexity of nuclear reactions 
observed above the meson production threshold. 

I do not wish to leave you with the impression that we understand everything 
we have observed in terms of the model described. We understand some of the 
gross features of some of the principal phenomena. Much detail remains to 
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be worked out and we already know that certain features in the model need to 
be modified and refined. For example, the results on p,pn reactions mentioned 
earlier are not accounted for quantitatively by the simple model used so far. 
Furthermore we have observed a whole class of very interesting reactions which 
are not predictable in terms of cascades and evaporation processs. This is the 
formation of rather light elements such as carbon, fluorine, sodium, and phos- 
phorus in the bombardment of heavy elements such as lead or uranium. As may 
be seen in figure 5 (p. 62), these reactions are not observed at energies below 
about 500 mev., and their cross sections increase very rapidly as the energy is 
raised above that value. We may here be dealing with a rather special type of 
fission process or, aS we have called it to distinguish it from the more conven- 
tional low-energy fission, a fragmentation reaction. Much of our future work 
will be concerned with trying to gain a better understanding of such processes. 
Toward this end we have begun to use, in addition to the radiochemical approach, 
Some of the physicists’ techniques I mentioned earlier, namely photographic 
emulsion recording of particle tracks and measurements of fast-moving fragments 
with counters. 

In summary I can say that, in what was unknown territory 6 years ago, we 
have been able to accumulate and systematize a considerable body of data. A 
large fraction of the observations can be explained in terms of a relatively 
simple model for high-energy nuclear interactions. Other experimental results 
seem to require for their explanation some new mechanisms and we hope that 
future investigations will clarify their nature. 


SCIENTISTS WHO HAVE PARTICIPATED IN CHEMICAL STUDIES OF HIGH-ENERGY 
NUCLEAR REACTIONS AT BROOKHAVEN 


Name and present affiliation : 


E. W. Baker, Brookhaven National Laboratory 

A. A. Caretto, Carnegie Institute of Technology, Pittsburgh 

J.B. Cumming, Brookhaven National Laboratory 

L. A. Currie, Pennsylvania State University, University Park, Pa. 

I. Dostrovsky, Weizmann Institute of Science, Rehovoth, Israel 

R. B. Duffield, General Atomic Division, General Dynamics Corp., San Diego 

G. Friedlander, Brookhaven National Laboratory 

L. Friedman, Brookhaven National Laboratory 

B. M. Gordon, N. Y. State University College on Long Island 

W. Henkes, Brookhaven National Laboratory 

J. Hudis, Brookhaven National Laboratory 

S. Katcoff, Brookhaven National Laboratory 

W. F. Libby, U. S. Atomic Energy Commission 

S. Markowitz, University of Birmingham, England 

J. M. Miller, Columbia University, N. Y. 

J. M. Miskel, University of California, Radiation Laboratory, Livermore, 
Calif. 

B. D. Pate, Brookhaven National Laboratory 

M. L. Perlman, Brookhaven National Laboratory 

N. Porile, Brookhaven National Laboratory 

A. M. Poskanzer, Brookhaven National Laboratory 

F. S. Rowland, University of Kansas, Lawrence, Kans. 

O. A. Schaeffer, Brookhaven National Laboratory 

R. A. Sharp, General Atomic Division, General Dynamics Corp., San Diego 

E. Sprenkel, Brookhaven National Laboratory and University of Rochester 

. Sugarman, University of Chicago 

. Turkevich, University of Chicago 

R. Wolfgang, Yale University, New Haven 

L. Yaffe, McGill University, Montreal 

J. Zihringer, University of Freiburg, Germany 


Representative Price. The next witness is Dr. John O. Rasmussen 
of the University of California, at Berkeley. Dr. Rasmussen is an 
outstanding young nuclear chemist who is conducting research in 
the radiation laboratory of the University of California. His present 
position is associate professor of chemistry at the University of 
California. 

Doctor, would you proceed, please ? 
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STATEMENT OF DR. JOHN 0. RASMUSSEN,’ ASSOCIATE PROFESSOR 
OF CHEMISTRY, UNIVERSITY OF CALIFORNIA 


Dr. Rasmussen. Mr. Chairman, members of the committee, it is a 
very great pleasure to be here today to talk to you on nuclear proper- 
ties of heavy elements. 

Representative Price. Doctor, would you mind telling the committee 
your age? 

Dr. Rasmussen. I am 31. 

The nuclear properties of the heavy elements that I shall be talking 
about will be primarily those concerned with radioactivity. That is, 
we are much lower down on the energy scale from the research that 
Dr. Friedlander spoke to you about. In fact, the study of radioactiv- 
ity constituted the first of all nuclear studies, beginning at the turn of 
the century. The discovery of the radioactivity opened up this whole 
thing. 

The past 4 years have seen some really great strides in our under- 
standing of the properties of isotopes heavier than ordinary radium. 
The new understanding is in every sense an international achievement. 
Contributions to this have come not only from laboratories in this 
country, but from all over the world. The extensive facilities built 
up through AEC support at Berkeley have made it possible for our 
nuclear chemistry group to make a substantial contribution to this new 
knowledge. 

To go “back a little bit, the year 1949 really is a landmark in the 
theory of nuclear structure and radioactivity, for it was during that 
year that independently, and nearly simultaneously, several theorists 
in this country and Germany proposed nuclear shell model theories to 
explain some of the properties then known about nuclei. 

They explained the fact that certain numbers of protons or neutrons 
in a nucleus gave it an extra stability, numbers they called magic num- 
bers then. Basically, these spherical shell models that explain these 
magic numbers say that the nucleus may be considered for these pur- 
poses to be a perfectly spherical box with neutrons and protons moving 
about rather independently of one another. 

These spherical shell models, when we treat them with the mathe- 
matics of quantum mechanics, can give us answers not only about the 
energies of the different excited states that the nucleus may have— 
excited states may occur in radioactivity and we get gamma radiation 
when the nucleus gives up the extra energy—but it can also give us 
the spins, the amount of angular momentum or twist that the nucleus 
has in these particular states. 

Despite these successes, the spherical shell models had not made 
much progress in explaining the very complex nuclear level systems 
among the heavy elements. In 1952 Perlman and Asaro in Berkele 
were just beginning their alpha spectroscopic studies with high resolu- 


1 Began undergraduate work at the California Institute of Technology (Caltech) in 1943, 
interrupted his studies to serve as an electronics technician in the U. S. Navy from 1944 
to 1946, and returned in 1946 to Caltech, where he received his B. S. degree in chemistry 
in 1948. He pursued graduate studies in nuclear chemistry at the University of Cali- 
fornia, Berkeley, receiving the Ph. D. degree in 1952. He has been on the chemistry 
faculty at the University of California and has been associated with U. §. Radiation 
Laboratory since then, interrupted only by a 7-month period in 1953, during which he 
held a visiting professorship appointment at the Nobel Institute of Physics, Stockholm, 
Sweden. His research work has been primarily concerned with studies of radioactive 
decay processes. His present position is associate professor of chemistry in the depart- 
ment of chemistry at the University of California at Berkeley. 
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tion alpha ray spectrographs and were beginning to see in nuclei some 
clusters of energy levels that superficially very much resembled in 
their spacing and in their spins the kind of rotational energy levels 
that one gets in dumb-bell-shaped molecules like oxygen or nitrogen. 

We puzzled at Berkeley a good deal about these clusters that looked 
like rotational bands in nuclei because there had been theoretical 
proofs advanced in the 1930’s as to why nuclei should never show 
rotational bands. 

With this mystery still unsolved, I left in 1953 to take a temporary 
research position in Stockholm, Sweden, and I arrived there just in 
time to hear a series of lectures by Aage Bohr, the son of Niels Bohr, 
who was then visiting from Copenhagen and giving a series of lectures. 

It was with very great excitement—first I was relieved to find he was 
speaking in English and not in Danish—that I heard him say that his 
nuclear model would predict that some nuclei should indeed show 
this sort of rotational band structure that we had actually just been 
seeing in Berkeley without knowing why. 

His model differed from the older shell models in the sense that, 
as he said, some of these nuclei should become football-shaped, elon- 
o, and in a sense resemble these molecules that we were talking 
about. 

Our discussion after his lecture was certainly a very exciting one, 
and it really led to the beginning of quite a continuing, stimulating 
exchange of information between the Berkeley Laboratory and the 
brilliant theoretical physics group under Aage Bohr at Copenhagen. 
Several people from both our laboratories in the intervening 4 years 
have made short or extended visits. 

This personal anecdote will give some feeling of the exciting times 
in the unfolding of these new insights about the heavy nuclei, but 
I do want to make it very clear that the credit for both the experi- 
mental and theoretical work is very widespread, and, indeed, at Berke- 
ley predominant credit for contributions goes to my many colleagues, 
both staff scientists and students, who have participated in this work. 
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Let us take a closer look and orient ourselves in the field of nuclei. 
I would like to show my first chart, figure 1, here. The first chart is 
the standard sort of isotope chart that is the roadmap of nuclear 
chemists and physicists. Any given isotope would be represented by 
a dot on this chart. The distance up of a given dot would give the 
number of protons in the nucleus; the distance along to the right would 
give the number of neutrons in the nucleus. All of the stable nuclei 
that make up ordinary nuclear matter will lie in a rather narrow 
valley down the middle of this tongue-shaped area here. 

If by bombardment in some sort of accelerator we form nuclei that 
are off to the upper left-hand side of this valley, they will be unstable 
toward radioactive decay, emitting a positive electron, and decaying 
back toward the stable nuclei in the middle of this valley. 

If we, say, in an accelerator or in a pile, produce nuclei that are off 
on the other side of the valley, they will beta decay by emitting a 
negative electron and come back from this side toward the valley. 

In addition, there is one other important radioactive decay process 
that we have to consider besides beta decay, and that is oe a decay. 
The nuclei up at the very heavy end here, will also exhibit alpha decay 





which is the ejection of a helium nucleus, 2 neutrons, and 2 
yrotons in a cluster, in which case the decay moves on down the valley 
in this way. 
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FIGURE 2. 
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These decays may or may not leave a nucleus with a certain amount 
of extra energy to be given up by a gamma ray. To take a look at the 
nature and the extent of the experimental program at Berkeley in 
studying different radioactive isotopes, I have taken the same chart, 
figure 2, but had entered on it dots and crosses for all of the nuclei 
that were produced for detailed decay scheme study in a 1-year period 
among: last May. The x’s—I don’t know whether they are visible 

rom a distance—represent isotopes which were actually discovered 
during that period. 

One sees a predominant concentration of interest out here among 
the heaviest nuclei. This has been one of our major interests at 
Berkeley. One sees also certain interest down here around tungsten. 
I should point out that the straight lines here dividing these isotope 
charts into a grid mark the bench marks or landmarks of the chart, 
these magic numbers with special extra stability—2, 8, 20, 28, 50, 82, 
and 126. Nuclei very close to these magic numbers will be spherical 
as the old shell models said. 

Nuclei which are removed from either a magic number of protons 
or a magic number of neutrons, that is, nuclei which would fall within 
these dashed oval-shaped areas, would be expected to be football 
shaped and show the rotational band properties and other behavior 
that the more sophisticated model of the Copenhagen group under 
Aage Bohr can predict. 

I won’t take time to say anything in detail about our means of pro- 
ducing these heaviest radioactive isotopes. It is by combination of 
pile neutron irradiation, starting with uranium 238 or its first product, 
plutonium 239, and supplemented by accelerator bombardments. I 
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have some material for the written record that I would like to enter 
on this point. 


Chairman Durnam. Without objection, that will be done. 
(The material referred to follows :) 


PATHWAYS TO DISCOVERY AND PRODUCTION OF HEAVY ISOTOPES 


Professor Seaborg and associates, notably S. G. Thompson, A. Ghiorso, and 
B. G. Harvey have long devoted efforts to extending the frontiers of the known 


heavy region. A discussion of the means of making heavier isotopes is very 
relevant to our subject. 


FIGuRE 3. 
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The plot here (Fig. 3) shows the pathway by which supplies of heavy isotopes 
are built up by extensive neutron irradiations of Pu”, which itself is a product of 
neutron capture by U** followed by two successive beta decays from U* to NP*™ 
to Pu. On the plot we see that Pu™ after capturing two neutrons may beta 
decay to the next element Am™ but may also capture two more neutrons and 
decay to Am*™, The branched chains all converge at Cm™. Then five successive 
neutrons must be captured before beta decay leads to the next element. The chain 
of neutron captures and beta decays continue on up to Fm™. Here we are es- 
sentially at the end of the line for pile production, since half lives for spontaneous 
fission get short and probabilities of neutron capture get small. When the high 
flux (5x10“n cm— sec) MTR reactor in Idaho went into operation, it was a 
great boon to the programs for building up heavy isotopes, but the following 
table will give an idea of how long it takes even at this flux to get much of the 
really heavy isotopes. The values of this table were computed with the electrical 
analog computer, GADAC, designed and constructed by H. P. Robinson. Still 
higher flux reactors than MTR would be very valuable in shortening the time 
scale of the table for production of the valuabie materials in the last feur rows. 
Professor Seaborg commented on this point in the previous day’s hearings. 


23103—58——6 
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TaBLe I.—Percent conversion of Pu™ to various products as a function of time 
(approwimate) at neutron flua of 4.5 X10“ cm= sec (e. g., MTR, Arco, Idaho) 
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*This isotope is in heavy demand for fission studies, since it has a high ratio of spontaneous fission to 
alpha decay. 

It is only the isotopes producible in piles that we can hope to make in sub- 
stantial (i. e., weighable) amounts. Small amounts of isotopes off this main 
stream may be made by using the pile produced material as targets in charged 
particle accelerator bombardments. As an example, element 101, mendelevium 
(as Mv*™) was discovered by bombarding a tiny amount of pile-produced K™ 
with helium ions in the Berkeley 60-inch cyclotron; the experiments are notable 


in that only one or two atoms of the new element were formed in each bombard- 
ment. 


Dr. Rasmussen. I will now be talking primarily about these very 
detailed, intensive studies of the radioactive decay of individual 
isotopes. 

I would first like to pay credit before talking about the work 
which has exploited this model, to the group of associates under Pro- 
fessor Seaborg at our laboratory, notably, Thompson, Ghiorso, and 
Harvey, who have worked right at the fringe of the unknown in pro- 
ducing new isotopes and making the first studies of them. 

As more activity becomes available, the research of which I am 
speaking becomes feasible. That is, the nuclear spectroscopists can 
move in and subject the larger amounts of activity to very careful 
measurement of the energies of all the electrons ejected and of the 
gamma rays. 

A type of instrument that we rely on pretty heavily is the magnetic 
spectrograph. Basically, it consists of some kind of a vacuum space 
traversed by a magnetic field. One puts a radioactive source at one 
end and the magnetic field will bend the electrons, the beta rays, or 
the helium nuclei, the alpha particles; this is of value because the 
faster ones do not bend quite as much as the slow ones and when 
they get over to the other end of the machine we have them spread out 
according to energy. 

We may run them in toward a counter or let them impinge on a 
photographic plate. What we have here is a picture of a couple of 
photographic plates, figure 4. I have the actual plates here from 
studies of uranium 237 undergoing beta decay, americium 241 under- 
going alpha decay, going to the same daughter nucleus, neptunium 237. 
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The electrons which have hit farther out on the plate have higher 
energy than those that have hit on lines closer. These lines are 
pared. caused by the electrons ejected when the nucleus gives up a 
little extra energy and kicks out an electron in the atomic shell. 

Representative Hosmrr. Does the difference in energy depend on 
which ring the electron is ejected from? 

Dr. Rasmussen. Yes. The energy scale on the chart shows that 
situation for each given transition, Let us say, the nucleus has 208 
kilovolts of energy to give up, this energy corresponding to one of the 
main transitions in the uranium 237 decay. ‘To kick an electron out 
of the K shell uses up about 120 kilovolts. The electron comes out 
with 88 kilovolts left over and comes around and hits the plate here. 

The L electrons further out are not bound so tightly and they hit 
here. You get a whole series of lines, one for each shell of the atom. 

Chairman Durnam. Doctor, what do you wind up proving? 

Dr. Rasmussen. I am going to get to that in just a minute in the 
next chart or two. I would like to say that the object of these studies 
is that we try to derive what we call a decay scheme which shows 
diagrammatically all of the energies and intensities of the different 
radiations in the decay in terms of a set of excited state energies of 
the final nucleus. 

Chairman Duruam. In other words, you can take most any kind of 
atom and prove whether or not it was any good for energy in the final 
result. You might have other by-products that are of some value, but 
you could definitely prove that it was either good or not good for 
energy. 

In other words, that the decay was 2 seconds and in another case 
the decay would be several seconds. 

Dr. Rasmussen. I think the question of value for energy production 
would fall more in the area of fissionability studies, such as the next 
witness, Dr. Huizenga, will discuss. Our studies give us the lifetimes 
of the nuclei. We determine half lives of them, and in any practical ap- 
plications of these isotopes in other kinds of research we will need 
to know half lives. 
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The importance of finding the gamma rays and their abundances, 
if medical researchers or some other researcher were to use them as 
tracers, is obvious. It could be important to them to know from our 
detailed studies how many gamma rays per disintegration one gets. 

Representative Hosmer. What you are showing there in figure 4 is 
the amount of deflection because of a magnetic field, is that right? 

Dr. Rasmussen. Yes. Actually in the spectrograph proper there 
would be a magnetic field coming down this way, the hotographic 

late is out here and the radioactive source on a very thin wire over 
hind some lead. 

Representative Hosmer. And the higher the speed the less de- 
flection ? 

Dr. Rasmussen. The higher the speed the less they are deflected. 
The high energy ones comes out here and the low energy ones get 
swung right into the plate up close to the source. 


FIGURE 5. 
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I would like to show some of these decay schemes. Here we have 
a whole set of decay schemes for alpha emission of nuclei with even 
numbers of neutrons and protons. They show a very consistent pat- 
tern all through this region. One sees in every case decay to a rota- 
tional band cluster of levels, the sort of thing that the model of Bohr 
and Mottelson enables us to treat. 

There are a lot of numbers on this chart. I will not go into detail 
on all of them, These give the intensities of the alpha rays. The 
vertical arrows are for gamma transitions. These give energies of 
the levels in thousands of electron volts, and the numbers over here 
are these important quantities I spoke of, the amount of spin or twist 
that the nucleus has in each of these levels. 

The positive sign here indicates the parity, a quantum mechanical] 
property importance, that these levels possess. 

I would like to say now that going from the even mass alpha emitters 
to odd mass nuclei we tend to get very much more complex schemes. 
They vary from nucleus to nucleus a great deal, but still with this foot- 
ball-shaped-nuclear model we have made pretty g great inroads in sys- 
tematizing it. 


FIGURE 6. 
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This chart, figure 6, gives pretty detailed information on a lot of 
different gamma rays and here we summarize both the alpha decay 
scheme going to the nucleus neptunium 237 and the uranium 237 beta 
decay scheme. 

I'd like to give credit to my colleague Dr. Hollander, with whom I 
worked on the uranium 237 studies. 

I would like to say that these levels can be grouped into rotational 
clusters. There are three, labeled A, that group into a cluster; group 
B, another cluster; C,a single level; and D, another cluster of three. 

We can make predictions and test them about the amounts of differ- 
ent kinds of gamma rays we will get. I might say this uranium 237 is 
an isotope that occurs in fairly large amount in reactor fuel elements, 
In fact, it is one of the things that one would have to shield against 
when fuel elements cool down. It occurs a great deal in thermonuclear 
bomb debris. Some of our studies were made with such debris. 

Because of the shortness of the time, I would now like to show 
rather briefly some of our other decay schemes and enter descriptive 
material on them into the record. Many of them up in this region also 
show these characteristic rotational band clusters. 
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One of them here represents the radioactivity of plutonium 239 
(fig. 7), its alpha decay, which has been studied by my colleagues, 
Perlman, Asaro, and Stephens. One sees a rotational band cluster. 
One sees a very curious isomer with a half life of a half hour; it is a 
very close lying energy state to the ground state in U-235. 

It was simultaneously discovered by a group at the Argonne Na- 
tional Laboratory and by a group at Berkeley. Dr. Huizenga, the 
next witness, was a member of the Argonne group. 
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Then we have here (fig. 8), with more detail in the record, the 
decay scheme of the nuclei decaying into plutonium 239. There 
are three different nuclei decaying into plutonium 239, and studies of 
their decay enable us to group the level system into a few rotational 
band clusters. 

There are some new levels now known that I have not had time to 
include on the chart. The more intensively one studies it, the more 
detailed bits of information one may gain. 
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Finally (fig. 9), the decay scheme of uranium 235 itself—the latest 
work done predominantly by a student, Dr. Pilger, working for Pro- 
fessor Perlman. I think that concludes the technical material I 
wanted to discuss. I would like to say in conclusion that this has been 
a very interesting and exciting field for those of us who are participat- 
ing in it. 

i think it has been rewarding to us not only in yielding results that 
we can fit in with our model—with our theory of football-shaped 
nuclei—but also it has been interesting in yielding up a few surprising 
results that have forced modification and improvement of the theory. 

Chairman Duruam. It is rather challenging. 

Dr. Rasmussen. It is challenging. We feel it is a very good field 
for the training of our students. Many of these problems are really 

uite simple for students to undertake, and we feel that by exposing 
them to this developing and challenging field we can help produce the 
imaginative and enthusiastic scientists that our country and the world 
so much need. 

Chairman Durnam. I think your statement proves, Doctor, that 
world cooperation certainly advances science to a large degree. You 
were speaking of Dr. Bohr. It indicates that the exchange of infor- 
mation is very valuable to us as well as other people. 

Dr. Rasmussen. This is very true. We have benefited at Berkeley 
very much from having foreign scientists able to come and work in 
our laboratories. They attack a problem a little bit differently than 
we do, and the combined approaches are really very stimulating. 

I might add in comment on that, that in this uranium 237 work 
some of the important experimental contributions have come from 
the Argonne laboratory and Los Alamos, in addition to Berkeley, and 
some of them have come from Russia and Sweden. 

Chairman Duruam. You could not have done this work without 
tools. 

Dr. Rasmussen. No. To make a real frontal attack in this compli- 
cated area one needs some rather large and complex instrumenta- 
tion. 

Chairman Durnam. As far as you know, are universities contribut- 
ing very much in this field at the present time, except from the stand- 
point of personnel? Their laboratories are not equipped to carry out 
such work, are they ? 

Dr. Rasmussen. If we take the rather narrow question of decay 
scheme studies in the region of the football-shaped nuclei, where we 
get such a vast number of energy levels, I would say in this country, 
with a couple of exceptions, it has been only the AEC laboratories that 
have primarily contributed. In the heavy-element region there is a 
materials problem, That is, it is just not easy for the universities to 
get hold of and work with transplutonium isotopes. 

I might mention the notable exceptions regarding experimental 
work on football-shaped nuclei, are a group at Cal, Tech and a group 
at Notre Dame that is working with the Oak Ridge Laboratory. They 
have made important recent contributions. 

Representative Van Zanpr. How far reaching is this program of 
places in your laboratory for foreign-nation representatives? 

Dr. Rasmussen. I think we have probably about eight alien post- 
doctoral scientists within the whole chemistry group. 
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Representative VAN Zanpr. Eight at one time! 

Dr. Rasmussen. About eight at one time. There are quite a large 
number of countries represented in this exchange. 

Representative Van Zanpr. We enjoy the same privilege abroad ? 

Dr. Rasmussen. We have benefited very much from leaves and 
sabbaticals and trips that our scientists are able to take, to western 
Europe in particular. 

Representative Van Zanpr. Through this program of exchange, do 
you find any barriers that you cannot penetrate in this field? I mean 
political barriers. 

Dr. Rasmussen. I think some of our foreign visitors that have 
come over have met some rather annoying delays on visas; we would 
hope that situation could be improved. 

Representative Van Zanpr. Once you get into the laboratory and 
start to work side by side, are there any barriers ? 

Dr. Rasmussen. I think not. We speak the same language of 
science and we work together very well. 

Representative VAN ZANDT. Thank you. 

Representative Hosmer. Doctor, with respect to magic numbers yon 
spoke of, where the stability occurs, is that a neutron-proton ratio! 

Dr. Rasmussen. It is numbers of neutrons or numbers of protons. 
If either one of them or both of them—both, in the case of lead 208— 
are equal to a magic number, then you get a lot of extra stability and 
a stronger preference for the spherical shape. 

Representative Hosmer. It is not a ratio between neutrons and pro- 
tons; it is an arbitrary number of one or the other. 

Dr. Rasmussen. That is correct, it is not the ratio but the numbers 
that are significant. 

Representative Hosmer. When you get your football shape, is that 
explained by some interaction of the forces of attraction and repulsion 
within the nuclei? 

Dr. Rasmussen. I am glad you brought up a question like that. I 
would like to say that one of the original suggestions for nuclei getting 
into deformed shapes came from an American at Columbia, Dr. Rain- 
water, and there was a parallel development to the Copenhagen group 
mitiated by Hill and Wheeler of this country at Princeton and Los 
Alamos. 

To answer your question technically, I would say the thought is that 
as we get away from the magic numbers where nuclei prefer to be 
spherical in shape, the few extra nucleons, let us say, will be swinging 
back and forth and they like to push out the shape, so that one gets a 
lower energy state by letting these nuclei push the shape out into a 
football. 

Chairman Durnam. Thank you very much, Doctor. 

Without objection we will enter the material that you requested in 
the record. 

(The material referred to follows :) 


INSTRUMENTS OF THE NUCLEAR SPECTROSCOPIST AND SUMMARY OF IMPORTANT 
ALLIED RESEARCH FIELDS 


The nuclear spectroscopist studying radioactive decay schemes may make use 
of any of the following energy discriminating radiation detectors: 
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I, ALPHA RADIATION 


A. Argon gas-filled ionization chamber with differential pulse height analysis 
of resultant electrical impulse. Can be used with very small amounts of activity, 
Energy spread in measurement never less than a half percent. 

B. Magnetic Alpha ray spectrograph: A large device employing large magnetic 
fields to bend alpha particles traveling in a vacuum space. Generally needs large 


amounts of activity. Energy spread can be as low as few hundredths of a 
percent. 







II. BETA RADIATION (ELECTRONS) 






A. Scintillation crystal with photomultiplier and pulse height analyzer: Can 
be used with small amounts of activity. Energy spread of the order of 10 percent, 

B. Magnetic beta spectrometers: There are many varieties of spectrometers 
employing vacuum chambers and different configurations of magnetic fields, 
Some are operable with small amounts of activity with a few percent energy 
spread. Those requiring large amounts may be operated down to a few hun- 
dredths percent energy spread. 











Ill, GAMMA RADIATION 


A. Scintillation crystal with photomultiplier and pulse height analyzer: Us- 
able with small amounts of activity. Energy spread seldom less than 6 percent. 
Very versatile, widely used instrument. 

B. Bent crystal spectrograph: Requires very large amounts of activity. Very 
low energy spread attainable. Method limited to lower energy gamma rays. 

C. Gas-filled proportional counter with pulse height analyzer: Usable with 
small amounts of activity. Energy spreads of the order of a percent. Usefulness 
limited to low energy gammas. 

The nuclear spectroscopist may also make use of combinations of two such in- 
struments in a “coincidence” arrangement. A coincidence apparatus measures 
when two radiations are given off at nearly the same time. Certain modifica- 
tions of this apparatus can measure time differences and hence half lives of nu- 
clear states as short as a billionth of a second. 

Other allied research fields from which the nuclear spectroscopist draws valu- 
able nuclear information are those capable of measuring nuclear spins. In the 
heavy region such contributions have come from optical spectroscopy (in Berkeley, 
J. G. Conway and R. D. McLaughlin), from atomic beam studies (in Berkeley, 
Drs. Nierenberg and Hubbs), and from paramagnetic resonance (in the U. C. 
Physics Department, Professor C. D. Jeffries). 

Studies at Oak Ridge (Dabbs, Roberts, and Parker) aligning nuclei at tem- 
peratures around 1 degree above absolute zero have made a unique contribution 
to understanding alpha decay. Similar apparatus is nearing completion in 
Berkeley. 

Coulombie excitation, the induced emission of nuclear gamma rays by low- 
energy charged-particle bombardments, has been studied on heavy elements in 
several laboratories in the United States and in England. These studies have 
added valuable information. Related studies at Los Alamos, using fast neutrons 
to excite the gamma emission, have made another unique contribution. 




























Decay or Np®8 anp Cm? To Pvu?38 


The rather complicated figure (fig. 7, p. 86) gives the decay schemes of the 
three radioactivities decaying into Pu’. The information on Am?** is not very 
complete. Note that some excited levels are involved only in one decay scheme 
and others, such as the 44.11-kev. (kilo electron volt) level is involved in both 
Np8 and Cm? decay. The levels labeled “A” at the extreme left are members 
of the ground rotational band and their spins, 0, 2, 4, 6, 8 are designated at the 
right of the letter. The sign, + or —, refers to the parity of the nuclear state, 
& quantum mechanical property of importance. One or two members of three 
other bands, B, C, and D, are also to be seen in the scheme. These bands are 
thought to be involved with some sort of excited vibrational motion of the nuclear 
droplet. The numbers K in parentheses are important quantities in the Bohr- 
Mottelson picture; they designate the amount of spin along the long axis of the 
nuclear football. The relative intensities of some of the gamma rays depend 
upon the values of K. 
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The Cm* decay information here results mainly from studies of Asaro, Perl- 
man, and Thompson. 

The Np** was first studied carefully by Freedman, Jaffey, and Wagner at 
Argonne National Laboratory in 1950. Slatis and I further studied it at the 
Nobel Institute of Physics in Stockholm, Sweden, in 1953. I continued these 
studies in Berkeley in 1954 with Passell, Stephens, and Strominger. Baranov 
and Shlyagin at the Institute of Physical Studies in Moscow, U.S. 8. R., added 
important contributions in 1956. Last year Albridge and Hollander in Berkeley 
added still more information; they have found additional gamma transitions 
not shown on the figure here. Within the last month Dr. Hubbs’ and Nierenberg’s 
atomic beam apparatus showed the spin of Np*** to be 2, in contradiction with 
our postulated spin of 3 shown on the figure. 


Representative Van Zanpt. Doctor, at what age did you graduate 
from high school? 

Dr. Rasmussen. Sixteen. 

Chairman Durnam. Thank you very much, Doctor Rasmussen. 
Your complete statement will be made a part of the record. 
(The statement referred to follows:) 


THe Nvuc.LeEAR PROPERTIES OF HEAvy ELEMENTS 


The nuclear properties I will be talking about are primarily those related to 
radioactivity. 

The past 4 years have seen some great strides in the understanding of the 
properties of isotopes heavier than, say, ordinary radium. The new understand- 
ing is in every sense an international achievement. Contributions to theory and 
experiment have come from all over the world. The extensive experimental 
facilities built up at Berkeley through AEC support have made it possible for 
our nuclear chemistry group to make a substantial contribution to the new 
knowledge about heavy nuclei. 

The year 1949 is a landmark in the theory of nuclear structure and radio- 
activity, for several theorists in this country and in Germany independently 
proposed nuclear shell models to explain in simple fashion a great many nuclear 
properties. They explained the special stability of nuclei possessing certain num- 
bers of neutrons or protons and they explained the amounts of angular momentum 
or spin observed for certain nuclei. Basically these models say the nucleus is a 
perfectly spherical box with neutrons and protons moving about in the box inde- 
pendently of one another. The spherical shell models make predictions not only 
about ground state spins but also about energy and spins of excited states of a 
nucleus. It is when radioactive decay leaves a nucleus in an excited state that 
we get gamma ray emission. Nuclei-like atoms can only exist with certain 
amounts of extra energy—not any amount they please. 

Despite their successes the spherical shell models clearly were unable to explain 
the highly complex systems of excited nuclear levels observed in the heavy- 
element region. In 1952 Perlman and Asaro at Berkeley had just begun their 
high resolution alpha spectroscopy studies and were revealing some energy level 
clusters that superficially resembled the rotational energy bands seen in dumbell- 
shaped molecules like oxygen or nitrogen. We puzzled in Berkeley about these 
spectra since theoretical proofs had been given in the 1930’s why nuclei should not 
show rotational bands. With the mystery unsolved I left to take a temporary 
research position in Sweden and arrived in Stockholm in February 1953 just in 
time to hear a lecture series by Aage Bohr, visiting from Copenhagen. 

It was with great excitement that I heard Aage Bohr say that his new nuclear 
model predicted some nuclei should show rotational bands, just as had been seen 
a few months earlier in Berkeley. These nuclei, he said, should be football- 
shaped, not spherical. Our discussion after his lecture was the beginning of a 
continuing stimulating exchange of information between Copenhagen and Berkeley 
with several persons from each laboratory visiting the other. The groups of 
Professor Perlman’s and mine have especially concentrated on exploiting this new 
theoretical model, which has proved such a key to solving our problems. 

This personal anecdote I hope will give some feeling of the exciting times in the 
unfolding of the new insights of recent years, but I wish to make clear that pre- 
dominant credit for the Berkeley contributions goes to my many colleagues, both 
staff scientists and graduate students. 
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Let us take a closer look at where the spherical and football-shaped nuclei apply, 
The road map of the nuclear chemist is an isotope chart such as the 
first display here (fig. 1, p. 73). A given isotope is represented by a dot. Dis. 
tance up is number of protons and distance to right is number of neutrons. Al] 
stable nuclei fall in a narrow band or valley along the centerline of this area. If 
we form nuclei to the top side of this valley they will beta decay by emitting a 
positive electron and return eventually to the valley. Conversely, nuclei on the 
lower side beta decay emitting negative electrons. Nuclei in the upper right-hand 
end of the valley also alpha decay, emitting a helium nucleus. The straight lines 
denote the extra stable magic numbers. Nuclei in the shaded areas are football- 
shaped and exhibit the Bohr-Mottelson rotational bands and other special prop- 
erties. Nuclei outside these areas are spherical. 

Now let us look at our experimental program. 

The second chart (fig. 2, p. 74) is the same as the first except that there are dotg 
for all the radioactive isotopes whose decay was studied in Berkeley in the 1-year 
period preceding last May. The x’s represent newly discovered isotopes. Note 
the concentration of interest in the heaviest region with secondary attention to 
the other major region of football-shaped nuclei. I should like to enter material] 
on isotope production into the written record. 


PATHWAYS TO DISCOVERY AND PRODUCTION OF HEAVY ISOTOPES 


Professor Seaborg and associates, notably 8. G. Thompson, A. Ghiorso, and 
B. G. Harvey have long devoted efforts to extending the frontiers of the known 
heavy region. A discussion of the means of making heavier isotopes is very 
relevant to our subject. 

The plot here (fig. 3, p. 75) shows the pathway by which supplies of heavy 
isotopes are built up by extensive neutron irradiations of Pu**, which itself is a 
product of neutron capture by U* followed by two successive beta decays from 
U239 to Np 29 to Pu2®, On the plot we see that Pu? after capturing two neutrons 
may beta decay to the next element Am*! but may also capture two more neutrons 
and decay to Am, The branched chains all converge at Cm’. Then five 
successive neutrons must be captured before beta decay leads to the next element. 
The chain of neutron captures and beta decays continues on up to Fm*4, Here 
we are essentially at the end of the line for pile production, since half lives for 
spontaneous fission get short and probabilities of neutron capture get small. 
When the high flux (5x10%n cm-? sec~!) MTR reactor in Idaho went into opera- 
tion, it was a great boon to the programs for building up heavy isotopes, but the 
following table will give an idea of how long it takes even at this flux to get much 
of the really heavy isotopes. The values of this table were computed with the 
electrical analog computer, GADAC, designed and constructed by H. P. Robinson. 
Still higher flux reactors than MTR would be very valuable in shortening the 
time scale of the table for production of the valuable materials in the last four 
rows. Professor Seaborg commented on this point in the previous day’s hearings. 


TasBLe I.—Percent conversion of Pu?®® to various products as a function of time 
(approximate) at neutron flux of 4.6 X10'4 cm-? sec“! (e. g. MTR, Arco, Idaho) 
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‘ his isotope is in heavy demand for fission studies, since it has a high ratio of spontaneous fission to alpha 
ecay. 


It is only these isotopes producible in piles that we can hope to make in sub- 
stantial (i. e., weighable) amounts. Small amounts of isotopes off this main 
stream may be made by using the pile produced material as targets in charged 
particle accelerator bombardments. As an example, element 101, mendelevium 
(as Mv5*) was discovered by bombarding a tiny amount of pile-produced »E* 
with helium ions in the Berkeley 60-inch cyclotron; the experiments are notable 
in that only one or two atoms of the new element were formed in each bombard- 
ment. 
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I will be talking now principally about the precision radioactive decay scheme 
work of Perlman’s and my group, but I would like first to pay credit to S. G. 
Thompson, A. Ghiorso, and B. G. Harvey, without whose work at the very 
fringe of the unknown in discovering and investigating the new heaviest isotopes, 
our more intensive studies would not be possible. 

As large amounts of a heavy isotope become available, the alpha and beta ray 
spectroscopists may subject its radiation to careful scrutiny and measure precision 
energies and intensities. The experimental work of Perlman, Asaro, Semen 
and students and of Hollander, Strominger, myself, and students falls into this 
category of spectroscopic studies. We rely heavily on instruments in which the 
alpha or beta rays traveling in a vacuum are bent by magnetic fields onto photo- 
graphic plates or counters. 

hese photographic plates (fig. 4, p. 77) are from actual spectograph exposures 
studying U*’, a 7 day beta emitter produced in reactor fuel elements and found in 
thermonuclear bomb debris. The higher the energy of the electrons the less they 
are bent and the further out they hit on the plate. 

Background blackening is from initial emitted electrons and lines are from 
conversion electrons ejected when the daughter nucleus jumps from an excited 
energy state to a lower one. There are many more experimental devices used by 
nuclear spectroscopists, and I would like to enter some descriptive material on 
them and on important allied research fields into the record. 


INSTRUMENTS OF THE NUCLEAR SPECTROSCOPIST AND SUMMARY OF IMPORTANT 
ALLIED RESEARCH FIELDS 


The nuclear spectroscopist studying radioactive decay schemes may make use 
of any of the following energy discriminating radiation detectors: 


I, Alpha radiation 


A. Argon gas-filled ionization chamber with differential pulse height analysis 
of resultant electrical impulse. Can be used with very small amounts of activity. 
Energy spread in measurement never less than a half percent. 

B. Magnetic alpha ray spectrograph: A large device employing large magnetic 
fields to bend alpha particles traveling in a vacuum space. Generally need large 
amounts of activity. Energy spread can be as low as few hundredths of a percent. 


II. Beta radiation (electrons) 


A. Scintillation crystal with photomultiplier and pulse height analyzer: Can 
be used with small amounts of activity. nergy spread of order of ten percent. 

B. Magnetic beta spectrometers: There are many varieties of spectrometers 
employing vacuum chambers and different configurations of magnetic fields. 
Some are operable with small amounts of activity with a few percent energy 
spread. Those requiring large amounts may be operated down to a few 
hundredths percent energy spread. 


III. Gamma radiation 


A. Scintillation crystal with photomultiplier and pulse height analyzer: Usable 
with small amounts of activity. Energy spread seldom less than six percent. 
Very versatile, widely-used instrument. 

B. Bent crystal spectrograph: Requires very large amounts of activity. Very 
low energy spread attainable. Method limited to lower energy gamma rays. 

C. Gas-filled proportional counter with pulse height analyzer: Usable with 
small amounts of activity. Energy spreads of the order of a percent usefulness 
limited to low energy gammas. 

The nuclear spectroscopist may also make use of combinations of two such 
instruments in a ‘‘concidence” arrangement. A coincidence apparatus measures 
when two radiations are given off at nearly the same time. Certain modifications 
of this apparatus can measure time differences and hence half lives of nuclear 
states as short as a billionth of a second. 

Other allied research fields from which the nuclear spectroscopist draws valuable 
nuclear information are those capable of measuring nuclear spins. In the heavy 
region such contributions have come from optical spectroscopy (in Berkeley, 
J. G. Conway and R. D. McLaughlin), from atomic beam studies (in Berkeley, 
Drs. Nierenberg and Hubbs), and from paramagnetic resonance (in Berkeley 
Physics Department, Professor C. D. Jeffries). 

tudies at Oak Ridge (Dabbs, Roberts, and Parker) aligning nuclei at tempera- 

tures around one degree above absolute zero have made a unique contribution 

. understanding alpha decay. Similar apparatus is nearing completion in 
erkeley. 
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Coulombic excitation, the induced emission of nuclear gamma rays by low a 
energy charged particle bombardments, has been studied on heavy elements in le 
several laboratories in the United States and in England. These studies have in 
added valuable information. Related studies at Los Alamos, using fast neutrons C 
to excite the gamma emission, have made another unique contribution. al 

The object of our study of an isotope is to derive a diagram called a decay 
scheme, which shows the various radiations, their energies and intensities in terms hi 
of energy states of the final nucleus. 01 

The simplest scheme one might imagine applies to beta decay of Pu™!. Hori- hi 
zontal lines represent the lowest energy states of parent Pu*!, and daughter and a ke 


diagonal arrow represents the single beta decay group in decay. 

Somewhat more complicated but showing a regular pattern (fig. 5, p. 78) are 
alpha decay schemes of even mass alpha emitters in heavy region. Note the 
rotational bands with regular variations in energy spacings and alpha group 
intensities. Vertical arrows represent gamma transitions. Numbers to left of 
lines are spins. Signs are parity. 

The odd mass nuclei usually show more complicated schemes in alpha and beta 
decay. Here (fig. 6, p. 79) is our scheme for the 7-day beta emitter U5’. Also, 
there is the scheme for 470-year Am! decaying to the same daughter nucleus. 
There have been, of course, many other studies of these isotopes in this country, 
and in England, Sweden, Russia, and France. 

One notes the three well-developed rotational bands. 

Another interesting isotope (fig. 7, p. 80) is Np?%8, which beta decays to Pu238, 
We began studying it in Stockholm and continued in Berkeley, and its decay 
scheme has been amenable to detailed interpretation by the theory. I would like 
to enter its decay scheme and a brief discussion into the record. 


DECAY OF NP?38 AND cM? To PU?38 





The rather complicated figure (fig. 7) gives the decay schemes of the three 
radioactivities decaying into Pu®%, The information on Am*® is not very com- 
plete. Note that some excited levels are involved only in one decay scheme and 
others, such as the 44.11-Kev. (kilo electron volt) level is involved in both Np*8 
and Cm*? decay. The levels labeled ‘‘A’’ at the extreme left are members of the 
ground rotational band and their spins, 0,2,4,6,8 are designated at the right of the 
letter. The sign, + or —, refers to the parity of the nuclear state, a quantum 
mechanical property of importance. One or two members of three other bands, 
B, C, and D, are also to be seen in the scheme. These bands are thought to be 
involved with some sort of excited vibrational motion of the nuclear droplet. 
The numbers K in parentheses are important quantities in the Bohr-Mottelson 
picture; they designate the amount of spin along the long axis of the nuclear 
football. The relative intensities of some of the gamma rays depend upon the 
values of K. 

The Cm? decay information here results mainly from studies of Asaro, Perlman, 
and Thompson. 

The Np** was first studied carefully by Freedman, Jaffey, and Wagner at 
Argonne National Laboratory in 1950. Slatis and I further studied it at the 
Nobel Institute of Physics in Stockholm, Sweden, in 1953. I continued these 
studies in Berkeley in 1954 with Passell, Stephens, and Strominger. Barenov 
and Shlyagin at the Institute of Physical Studies in Moscow, U. S. S. R., added 
important contributions in 1956. Last year Albridge and Hollander in Berkeley 
added still more information; they have found additional gamma transitions not 
shown on the figure here. Within the last month Dr. Hubbs’ and Nierenberg’s 
atomic-beam apparatus showed the spin of Np8 to be 2, in contradiction with our 
postulated spin of 3 shown on the figure. 

I also have some other illustrative decay schemes worked out by my colleagues 
They also show the familiar rotational band structure. I would like to show them 
very briefly and enter explanatory material into the record. 
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DECAY SCHEMES OF NP”9, 4m239, AND cM?43 TO THE LEVELS OF PU?% 


The figure (fig. 8, p. 81) summarizes knowledge on the Pu®® energy levels and 
their spins as revealed by radioactive decay of three isotopes and by coulomb 
excitation (labeled CX) done first in Pu**® by J. O. Newton in Harwell, England. 
The Cm** work is mainly due to Asaro, Perlman, and Thompson, and the work 
has revealed two higher levels of band A (not yet incorporated in this figure). 
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Also they have found additional members of bands B and C. The main features 
of the decay scheme of Np** are due to Hollander, Smith, and Mihelich in Berke- 
ley, but important recent contributions have been made by Baranov and Shlyagin 
in the U. S. S. R. and by Ewan and Knowles at the Chalk River Laboratory in 
Canada. Americium 239 was principally studied at |Berkeley by Smith, Gibson, 
and Hollander. 

Noteworthy are the excited states at 285.8 and 391.8 Kev., whose lifetimes 
have been measured by coincidence techniques. The former has a half life of 
one billionth of a second, measured by Graham and Bell in Canada. The latter 
has a half life of two ten-millionths of a second, a measurement made by Engel- 
kemeir and Magnusson at Argonne. 


THE PU**® ALPHA DECAY SCHEME AND ITS DAUGHTERS THE U?2*5 ISOMERS 


The main alpha decay of Pu?*® goes to three states of a rotational band with 
spins of 1/2, 3/2, and 5/2 units (fig. 9, p. 82). The ground state of daughter U2 
was known from optical spectroscopy and coulomb excitation to have a spin of 
7/2. It,was for some time a mystery how the 1/2 state could decay to ground, since 
no gamas or electrons could be observed carrying off the energy difference. 
Then, independently and almost simultaneously, workers at Berkeley and at 
Argonne discovered a curious half-hour radioactive isotope recoiling from alpha 
decay of thin deposits of Pu***, The conversion electrons emitted in decay were | 
fantastically low in energy by the usual standards of nuclear energies—only a | 
few tens of electron volts. These experiments had isolated a spin 1/2 isomer of 
U3, Had the energy separation been a little lower—say, as low as tenths of 
, electron volts—the reactivity behavior of U2 reactors at high temperatures 

might have been profoundly affected, since the energy of thermal motion could 

excite U2* into its isomeric state. Even at the actual energy separation the 

theories of formation of the uranium isotopes in hot stellar interiors or in stellar 

explosions may be affected. The alpha decay properties and fissionability 
properties of the isomer are not yet known. 

Finally is shown (fig. 10, p. 83) a tentative alpha decay scheme for ordinary 
U2%, as deduced by Pilger, Stephens, Asaro, and Perlman at Berkeley. We are 
attempting by experimental and theoretical work to unravel the mysteries behind 
alpha decay rates. We do not yet understand exactly why the highest energy 
alpha decay groups of U?* occur at such a relatively slow rate compared to most 
other alpha decay groups. If this U% decay were to have proceeded at an 
average rate, no U**5 would have lasted from the time of formation of the ele- 
ments, and we would have had no nuclear bombs, reactors, or atomic energy 
industry today. 

In conclusion I would say that the intensive study of radioactivity of heavy 
isotopes is a stimulating field for its participants. The field has been rewarding 
in yielding up both expected and surprising results. Finally, we feel that this de- 
veloping field lends itself well to the training of students to become the enthusi- 
astic and imaginative scientists our country and the world need. 
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Chairman Duruam. The last discussion in the field of nuclear chem- 
istry will be presented by Dr. John R. Huizenga of the Argonne 
National Laboratory. Dr. Huizenga was employed on the Man- 
hattan project during the war. Since obtaining his doctorate{in 
philosophy at the University of Illinois in 1949, he has been conducting 
research at the Argonne National Laboratory on nuclear properties 
of the heavy elements. In 1954-55, he served as a Fulbright fellow in 


the Netherlands. He will discuss Studies of the Fission Process, & 
field in which he has developed an outstanding reputation. 
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STATEMENT OF DR. JOHN R. HUIZENGA,’ ARGONNE NATIONAL 
LABORATORY 


Dr. Huizenea. Mr. Chairman and members of the committee, it is 
a pleasure to be here this morning to tell you about some of our 
work on nuclear fission. 

In 1939, less than 20 years ago, two German scientists, Hahn and 
Strassmann, first discovered nuclear fission. Nuclear fission is a 
process whereby a heavy nucleus divides into two approximately 
equal fragments and at the same time gives up about 200 million 
electron volts of energy. 

At the time fission was discovered, the only materials available 
for fission studies were those which occur in nature, uranium 235, 
thorium, and so forth, and the heaviest of these was uranium 238. 
After the discovery of the first transuranium element in the early 
1940’s, it soon became evident that the measurement of the nuclear 
properties of many of the synthetic heavy 

Chairman Durnam. Doctor, will you state how the discovery 
took place? Was it in a private laboratory; was it in a university 
laboratory; was it in a Government laboratory in Germany? 

Dr. Huizenaa. The discovery of fission took place in a university 
laboratory, at the University of Berlin in Germany, by Hahn, a 
physicist, and Strassmann, a chemist. I might put in a plug for 
nuclear chemistry here. It was by chemical separations that it was 
first proved that the two fragments were chemical fragments with a 
much lower atomic number than the parent fragment, indicating 
that the uranium nucleus had divided into two parts. 

It soon became apparent after the discovery of the first trans- 
uranium element that the measurement of the nuclear properties of 
many of these very heavy synthetic nuclides would be extremely 
valuable in helping us to understand nuclear structure. 

One of the ways these heavy transuranium nuclides can be pro- 
duced is by multiple neutron capture. I would like now to go to 
the first exhibit—figure 1, page 99, on which I have a diagram of 
the path that is followed in multiple neutron capture on U**. 

On this axis I have plotted the number of protons and also the 
element name and in this direction we have plotted the atomic weight 
which is the sum of the number of neutrons plus protons. The 
starting material is uranium 238 and the solid squares represent beta 
stable nuclides, the open squares, beta unstable nuclides. Uranium 
238 from nature is placed in a neutron reactor and by neutron capture 
goes to uranium 239 which is beta unstable with a half life of 23 
minutes and decays to neptunium 239. 

It is also possible for uranium 239 to capture neutrons to produce 
uranium 240. However, this reaction has a very small probability 





1 Born in Fulton, Il., on April 21 1921. Married to Dorothy Koeze on February 1, 1946. Four chil- 
dren—Linda 9, Jann 7, Robert 5, Joel 3. 

A. B. degree in mathematics and chemistry from Calvin College, Grand Rapids, Mich., January 1944. 
Laboratory supervisor with Tennessee Eastman at Oak Ridge, Tenn., 1944-46. Graduate student, fellow 
and assistant, 1946-49, University of Illinois. Ph. D. degree in physical chemistry, University of Illinois, 
1949. 

Employed at Argonne National Laboratory, 1949 to present. Fulbright Fellow, Netherlands, 1954-55. 

Honorary societies: Phi Beta Kappa, Phi Kappa Phi, Sigma Xi, Phi Lambda Upsilon, Pi Mu Epsilon. 

Technical societies: American Physical Society, American Chemical Society. 

Fifty publications in the field of nuclear fission, nuclear properties, and systematics of heavy elements 
and geochemistry. 
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and even in our highest neutron flux reactors the half life in this 
direction is many months. Thus, uranium 239 in a nuclear reactor 
is destroyed mainly by beta decay. Likewise, neptunium 239 decays 
to plutonium 239 which is well known for its fission properties. 

Then by neutron capture we form plutonium 240 and plutonium 
241, which is beta unstable. However, the half life is very long, 13 
years, and therefore the main reaction goes by neutron capture to 
plutonium 242. The first short-lived plutonium isotope is plutonium 
243 which beta decays to americium 243 and likewise by americium 
244 beta decay the chain of multiple neutron capture is continued 
through the curium isotopes, beta decay, berkelium isotopes, beta 
decay, californium isotopes, beta decay, einsteinium isotopes, and 
then by beta decay to the fermium isotopes. 

One of the useful techniques that can be used in this kind of a 
series of reactions is that one can remove the material from the 
neutron reactor at any time, chemically process a particular element, 
and then reinsert that material back into the reactor again. 

For example, if one would like to make plutonium 244, the tech- 
nique would be to chemically isolate the americium and then reinsert 
an americium fraction back into the neutron reactor. The americium 
243 captures neutrons and the americium 244 electron captures to 
plutonium 244, and also beta decays to curium 244. Then by isolat- 
ing a plutonium fraction after a period of time, one would have 
plutonium 244, quite free from the lower mass plutonium isotopes. 

The other thing that I think is worthwhile to point out is that the 
yield of one of these multiple neutron capture reactions is very sensi- 
tive to the neutron flux. For example, if we take a tenth order reac- 
tion product, by increasing the neutron flux by a factor of 2 the yield 
of that tenth order product is increased by a factor of approximately 
1,000. So you can understand in making these transuranium isotopes 
the neutron flux is a very critical factor. 

The next exhibit (fig. 3, p. 102) tells us something about the activa- 
tion energy per fission. One of the very interesting properties of the 
heavy elements is the fact that they will fission with a rather low excita- 
tion energy. Here we have plotted the potential energy of a nucleus 
as a function of its deformation or the distance of separation of the 
fission fragments. 

A nucleus in the ground state is at this point and if its fissions, 
approximately 200 million electron volts of energy is liberated. How- 
ever, in causing fission one first has to overcome this potential barrier. 
It takes about 5% million electron volts to overcome this potential 
barrier. 

The first type of fission which I would like to talk about is sponta- 
neous fission. Spontaneous fission is a type of fission which takes 
place directly from the ground state without adding any additional 
energy. It does so by tunneling through the potential barrier much 
as is the case in alpha decay. 

Spontaneous fission half-lives are very long compared to nuclear 
reaction times. 

Chairman Duruam. When you got to that barrier, how did you 
arrive at that? 

Dr. Huizenca. I would like to discuss that point in a minute. 
First of all I would like to tell something about our experiments in 
which the fission fragments tunnel through the barrier. 
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This is a very slow process as far as nuclear reaction times go, but 
by studying this spontaneous fission process one learns a good deal 
dl the shape and height of the barrier. Figure 2 (p. 100) gives us 
a plot of the spontaneous fission half-life in years as a function of the 
quantity Z?/A, where Z is the number of protons in the nucleus and 
A is the weight of the nucleus. 

First of all, I would like to show that these half-lives vary by a 
large factor, from 10” years—and the half-life you will recall is the 
period of time it takes for half of the material to decay—down to 
10-4 years, which is about 3 hours. So there is a factor of 10™ difference 
in these half-lives. 

As protons are added from uranium to plutonium, curium, califor- 
nium, and finally to fermium, there is a steady decrease in the spon- 
taneous fission half-life. The large factor over which the spontaneous 
fission half-lives change makes spontaneous fission a very sensitive 
test of the fission potential barrier. 

Furthermore, I would like to indicate that the even-even isotopes 
of a particular element tend to lie on smooth curves, whereas the 
odd isotopes—an odd isotope is one which has either an odd number 
of neutrons or an odd number of protons, or an odd number of neutrons 
and an odd number of protons—have spontaneous fission half-lives 
which are much longer than their even-even neighbor nuclides. 

For example, plutonium 239 has a spontaneous fission half-life that 
is a factor of 10° longer than its even-even neighbors which lie on the 
smooth curve. Furthermore, some of the nuclides which lie at the 
very heavy end of their respective elements are extremely interesting. 

For example, curium 250, californium 254 and fermium 256 decay 
chiefly by spontaneous fission. This is a rather unique characteristic 
of these particular isotopes. Californium 254 is extremely interesting, 
it has a 56-day spontaneous fission half-life. 

Some astrophysicists, one of whom will come I think, and testify 
later, have interpreted a similar decay period of the light curves of 
exploding stars of a particular type as due to californium 254. These 
stars are known as supernovae of typeI. It is indeed very interesting 
that type I supernovae light curves have after a period of time the 
same half-life as californium 254. 

This seems to imply that these exploding stars are giant furnaces in 
which the elements of nature are cooked. After these very heavy 
transuranium isotopes are made in an exploding star they then decay 
with their characteristic radioactive half-lives. 

Furthermore, we think that curium 250 may be a very important 
energy source in old remnants of supernovae, as for example, the Crab 
Nebula. 

I would now like to leave spontaneous fission and say a few words 
about slow neutron fission. For this I would like to show exhibit 2 
once again. In slow neutron fission we overcome this potential 
barrier—the question which was asked a minute ago—by adding the 
neutron. 

A certain amount of energy is added as neutron binding energy. In 
some cases this energy is sufficient to excite the nucleus above the 
potential barrier. It is well known that the nuclides which have the 
property of thermal neutron fission are usually odd neutron nuclides. 

The reason for this that when one adds a neutron to an odd-neutron 
nuclide, the binding energy is far greater than when one adds a neutron 
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to an even-neutron nuclide. For example, if we take the case of the 
three isotopes, uranium 234, uranium 235 and uranium 236, addition 
of a neutron to U*** gives about 5.4 Mev. of excitation energy; to 
U** about 6.4 Mev. and to U*** roughly 5.4 Mev. So we see from this 
data that the addition of a neutron to either uranium 234 or uranium 
236 does not give sufficient energy to overcome the potential barrier, 
whereas the addition of a neutron to uranium 235 gives an excess of 
energy above the fission barrier and, therefore, uranium 235 is capable 
of thermal neutron fission. 

In addition to uranium 235 and plutonium 239, rather well known 
isotopes, experimenters have—and a number of people have con- 
tributed to this—studies some 40 different nuclides for,their thermal 
neutron fissionability. 

Of these, there are at least two dozen nuclides which have thermal 
neutron fission cross sections. One can make a rather interesting 
correlation of this data. Whenever the neutron binding energy is 
greater than the activation energy—in other words, when E,—KE, is 
positive—the nucleus will fission with thermal neutrons. 

Chairman Durnam. Which one produces the highest energy? 

Dr. Huizenca. Some of the very heavy transuranium isotopes 
produce the largest energy difference, E,—E;. For example, curium 
245, californium 249, and several other very heavy transuranium 
synthetic isotopes give us the largest positive values of E,—E;. One 
can essentially then, in a qualitative way, explain all of the thermal 
neutron fission data by looking at the value of the quantity E,—E,. 

Chairman Duruam. The life of them has a lot to do with it, too, 
does it not, Doctor? 

Dr. Huizenaa. In this particular type of fission the radioactive 
lifetime is not important because neutron fission occurs in something 
like 10-“ to 10- seconds. These times are very short compared 
to the radioactive decay times of the nuclides being investigated. 
Thus on a relative basis the time for neutron fission, if it is observed, is 
very short compared to the radioactive half-life. 

Recently we have devised a more quantitative way of looking at 
thermal neutron fission. The ratio of the thermal neutron fission 
cross section to the thermal neutron capture cross section is a more 
quantitative factor for determining fissionability than just the fission 
cross section alone. 

I won’t have time to go into the details here. It will be entered 
into the record. Figure 4 (p. 104) shows a plot of o;,/c, as a function 
of the quantity E,-E;. Whenever E,—E, is positive, thermal neutron 
fission takes place. As E,—E; goes to zero, the fissionability o;/¢ 
drops off to zero, also. When E,—E, becomes negative the therma 
neutron fission crosssection goes to zero. 

The last group of experiments I will discuss deal with competition 
between neutron emission and fission. I would now like to discuss 
another way of exiting the heavy nuclei. For example, I will discuss 
the case of uranium 235 excited with gamma rays from a Betatron. 

The nucleus, in our illustration, U**, is excited to a particular 
energy. Let me say U?* is excited to 9 million electron volts with 
gamma radiation from a Betatron. This group of experiments, that 
I will briefly discuss, deal with the examination of the competition 
between fission and neutron emission after exciting a heavy nucleus 
with a certain amount of energy. 
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In a quantitative way we measure the ratio of I,/T,, where I, is 

the probability for fission and I, is the probability for neutron emis- 
sion. 
The object of these experiments is to examine this probability ratio, 
r,/I's, as a function of excitation energy and also as a function of 
(Z) and (A), which are the proton number and the atomic weight of 
the heavy nuclei. So our object, then, is to examine this branching 
ratio, the competition between fission and neutron emission as a 
function of the excitation energy and Z and A. 

Chairman Duruam. It is necessary to have high energy to do that 
experiment? 

Dr. Huizenca. These are rather low energy reactions, 9 million 
electron volts, which is a rather low energy reaction. This is low- 
energy physics. Whenever one gets above this so-called fission barrier 
which you will recall is about 5.5 million electron volts, then fission 
becomes a probable process for these very heavy nuclides. 

A test of the fissionability is obtained by examining this branching 
ratio, the probability for fission over the probability for neutron 
emission. 

The exhibit shows in a systematic way all of the data which we have 
obtained from this type reaction. The open circles were obtained 
from gamma ray experiments that I have described here. The solid 
circles were obtained from another kind of experiment, neutron 
fission with about 3-Mev. neutrons. 

For example, uranium 234 plus a neutron makes a nucleus with A 
equal 235; and a 3-Mev. neutron plus the appropriate neutron binding 
energy gives about the same excitation energy as the above gamma 
ray excitation of U**. Now we again examine the branching ratio, 
T/T. 

If the compound nucleus theory is correct the decay of the excited 
uranium 235 will be independent of the method of formation and one 
should observe the same branching ratio, I,/I',, for these reactions. 
You will see from the exhibit that the points obtained from the neutron 
data and the gamma data are in good agreement. In general, all of 
the data seem to lie systematically on a straight line when I,/(I',+T,) 
is plotted as a function of Z?/A. In general you will observe that as 
Z?/A increases the fissionability, I'y, increases. 

For example, plutonium 239 excited to about 10 Mev. decays about 
70 percent of the time by fission compared to 30 percent of the time 
by neutron emission; whereas, this thorium 233 decays about 4 percent 
of the time by fission and 96 percent of the time by neutron emission. 

The quantity Z?/A is a good measure of the fissionability of a heavy 
nucleus. 

Thank you. 

Representative Pricz. Are there any questions? 

If not, thank you very much, Doctor. Unfortunately, I was called 
away and did not get to hear your presentation but I am sure I will 
read it in the transcript. 

(The data relating to Dr. Huizenga’s presentation follows:) 
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STUDIES OF THE FissIon PRoOcEss ! 


Dr. John R, Huizenga, Chemistry Division, Argonne National Laboratory, 
Lemont, Ill. 


INTRODUCTION 


The discovery that the uranium nucleus could, after capturing a neutron, 
split into two approximately equal fragments was made by Hahn and Strassman 
in 1939, less than 20 years ago. Meitner and Frisch coined the name fission for 
this process. Bohr and Wheeler predicted that heavy nuclei as a result of barrier 
penetration, analogous to that encountered in alpha decay theory, would decay 
by spontaneous fission. Two Russian scientists, Flerov and Petrzh: ik, were the 
first to experimentally observe spontaneous fission, @ process in w hich’ a nucleus 
divides from its ground state without the intervention of any external agency. 

In a study of the nuclear fission process one is interested in making a wide 
variety of experimental measurements. This discussion will be limited to spon- 
taneous fission lifetimes, thermal-neutron fission, 2- to 5-Mev. neutron fission, 
and photofission with gamma rays of less than 20 “Mev. In addition, the dis- 
cussion will be limited to isotopes of the transradium elements since the prob- 
ability for fission of the lower atomic number nuclides is small even though nuclear 
fission is energetically possible for many of these elements. 


SPONTANEOUS FISSION 


Elements from uranium to fermium have been observed to decay by spon- 
taneous fission. Measured half-lives for spontaneous fission vary from 1.8X 10! 
years for U to 3X 10- years for Fm**, In the case of Th*?, experimenters have 
established that its spontaneous fission half-life is longer than 107° years. The 
measured variation in spontaneous fission half-lives is greater than 10 in going 
from thorium to fermium, elements which differ in atomic number by only 10 
units. The spontaneous fission half-life value of a nucleus is thus a very sensitive 
measure of its fissionability. 





1 Based on work performed under the auspices of the U. 8. Atomic Energy Commission. 











PHYSICAL RESEARCH PROGRAM 99 


MULTIPLE NEUTRON CAPTURE 
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Figure 1.— Multiple neutron capture on U8, 


In the past few years with rather high neutron fluxes available, many new 
nuclides have been produced by multiple neutron capture reactions (fig. 1) in a 
quantity large enough for a spontaneous fission half-life measurement. The 
available spontaneous fission half-lives are summarized in table I and plotted as a 
function of Z?/A in figure 2. With increasing values of atomic number, Z, the 
spontaneous fission half-lives decrease in accord with theoretical expectation. 
The magnitude of the decrease obtained from the even-even nuclides, is about a 
factor of 100 for each additional proton. The spontaneous fission half-lives of 
the even-even isotopes of a particular element lie on smooth curves when plotted 
against some function of A. These curves have maximum half-life values in the 
neighborhood of maximum beta stability. In addition it has been observed that 
the large even mass isotopes of even Z elements decrease in half-life with increasing 
A. This phenomenon is not well understood, although Swiatecki has made an 
interesting empirical correlation of spontaneous fission half-lives by adding a 
mass defect term to the Z?/A term of the abscissa of figure 2. 














PHYSICAL RESEARCH PROGRAM 


SPONTANEOUS FISSION SYSTEMATICS 


SPONTANEOUS FISSION HALF - LIFE IN YEARS 
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Ficure 2.—A correlation of spontaneous fission half-lives with Z/A. 
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TaBLE I.—Spontaneous fission half lives 
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ACTIVATION ENERGY FOR FISSION 


From the spontaneous fission data one obtains information on the activation 
energy of fission, Ey, often called the “fission threshold.”’ The fission activation 
energy for U2* is illustrated in Fig. 3 along with the total energy liberated in 
fission. Frankel and Metropolis derived an equation for spontaneous fission 
half-lives of the form 

T4=10-2!T ke, (1) 


With the aid of the experimental neutron fission thresholds of 1.1, 0.4, 0.9, 0.3 
and 0.3 Mev. for Th**?, Pa?#!, 0238, U2% and Np?%, respectively, and the ap- 

ropriate neutron binding energies, one calculates fission activation energies of 

.2, 6.0, 5.6, 5.5 and 5.7 Mev. for Th*%3, Pa2#2, 239, [235 and Np?%, respectively. 
Substituting the spontaneous fission half life (in seconds) of U?* and its activation 
energy into equation (1) gives a value of 8.319 for k. The activation energy of 
U2 measured by a photofission experiment is 5.3+0.3 Mev. Since fission can 
proceed by tunneling through the barrier, no sharp cutoff energy is expected and 
the measured activation energy is dependent on the sensitivity of the experimental 
method employed for the measurement. Spontaneous fission half-lives depend both 
on the height and width of the fission barrier. Neutron fission thresholds measure 
the excitation energy at which fission begins to compete with an observable 
intensity with other nuclear processes such as de-excitation by gamma ray emis- 
sion. 
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ACTIVATION ENERGY 
FOR FISSION 


5.5 MEV | E¢ 


TOTAL ENERGY 
200 MEV LIBERATED 
IN FISSION 


POTENTIAL ENERGY 


R, SEPARATION OF FISSION FRAGMENTS 


Fietre 3. Activation energy for fission. A plot of potential energy of U?* 
as a function of the distance between fission fragments. 


The values of activation energy derived from neutron fission threshold measure- 
ments and from spontaneous fission lifetimes are listed in Table II. The values 
in parantheses are estimated from a knowledge of the spontaneous fission sys- 
tematics (Fig. 2) and the dependence of activation energy on spontaneous fission 
half-life. Increasing the spontaneous fission half-life by a factor of 100 gives an 
increase of 0.24 Mev. in the activation energy (equation 1). 
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THERMAL-NEUTRON FISSION 


103 


An examination of the thermal-neutron fission cross sections of Table II reveals 
that a large number of the nuclides which undergo fission with slow neutrons con- 


tain an odd number of neutrons. 


This is qualitatively explained by the fact that 


the resultant compound nucleus formed by neutron capture on an odd-A nuclide 
has more excitation energy than the compound nuclei formed from thermal- 
neutron capture on neighboring isotopic even-neutron target nuclei. 
correlation of slow-neutron fissionability is obtained with the quantity E,— Ey, 
the difference between the neutron binding energy and the fission activation 
energy. If E,—E, is positive, fission is energetically possible with thermal 
neutrons and if this quantity is negative, thermal-neutron fission is improbable. 
All experimental observations are in agreement with this simple type of corre- 
lation (see columns 5 and 6 of Table II). 


TasLeE II.—Correlation of slow neutron fissionability 
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1 E,—Et is negative. 


? From neutron fission threshold measurement. 
3 From spontaneous fission eq. (1). 
) estimated from 2 and ® by spontaneous fission systematics and eq. (1) 
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Actual values of o; (slow-neutron fission cross section) are somewhat difficult 
to predict due to the uncertainty in the level density of the different excited 
nuclei. For this reason the ratio o;/ey (oy is the slow-neutron-radiative capture 
cross section) is a better measure of the fissionability of a nuclide and should be 
used for comparative purposes rather than values of ¢; alone. This follows from 
the fact that the radiation width, I'y, is expected to vary only slowly for the heavy 
nuclides in the energy range under consideration, whereas the fission width, Ty, 
should be a highly dependent function of the nuclear excitation energy. The 
ratios, o s/o, of several nuclides are correlated in Table III and Fig. 4, with E,-E,, 
the difference between the neutron binding energy and the fission activation 
energy. Such acorrelation is extremely helpful in making cross section predictions 
when either the thermal-neutron fission or capture cross section is known. 


THERMAL NEUTRON FISSION CROSS SECTION CORRELATION 
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Figure 4. A correiation of siow neutron fissionability. Ratios of thermal- 
neutron fission cross section to thermal-neutron capture cross section of several 
nuclei are plotted as a function of E,—E,, where E, is the neutron binding 
energy and E; the fission activation energy. 


TaBLe III.—Ratios of thermal neutron fission cross section to thermal neutron 
capture cross section of several nuclei 
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COMPETITION BETWEEN FISSION AND NEUTRON EMISSION 


A number of experimenters (see Report BNL-325 for references) have shown 
that the fast-neutron fission cross sections of heavy nuclei are relatively constant 
in the neutron energy interval 2 to 5.6 Mev. Another striking feature of the 
cross section vs. neutron energy curves is the uniform rise in the fission cross 
section at neutron energies of about 5.5 Mev. This increase in fission cross 
section can be explained by the onset of the (n,n’f) reaction. At neutron ener- 
gies of about 5.5 Mev., the product nucleus after neutron emission begins to 
have sufficient excitation energy to fission. 

The magnitude of the neutron fission cross section in the plateau region varies 
from one nuclide to another and is related to the fission parameter, Z?/A. Neutron 
fission cross sections and total cross sections for 3-Mev neutrons and the calcu- 
lated ratios of the neutron fission cross sections divided by the total cross sections 
for several heavy nuclides are given in Table IV. A plot of the on,¢/on,: values 
vs. Z?/A is shown in Figure 5. The neutron fission to total cross section ratios in- 
crease smoothly with Z?/A, although the five uranium isotopes are better repre- 


sented by a line of slightly steeper slope indicating that the number of excess 
neutrons mav also be an influencing factor. 


3-MEV NEUTRON FISSION 





34 35 36 37 38 
Z2/A 


Ficure 5. Values of the ratio neutron fission cross section over the total neutron 
cross section (¢a,/¢a,.) are plotted as a function of Z?/A of the compound 


nucleus (A of target nucleus plus one). The cross section data are for 3-Mev. 
neutrons. 
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TaBLE [V.—Total neutron cross sections and neutron fission cross sections of several 
heavy nuclide targets with 3-Mev. neutrons 


[The values in parentheses are estimated] 














Z/A 
Target nucleus ot “7 (of com- ores 
(barns) (barns) pound 
nucleus) 
a A es hte a a ss age 0. 0003 (7.3) 34, 115 4X108 
Tye. Bieiace sibs ocuceis tM omsedes acoeee eee 0.14 7.5 34. 764 0.02 
ik as. debt btn ha tents ubidhadadueda was oka 1.13 (7. 5) 35. 694 0.15 
Ne iiss wakedee ane cammiin ka cha anemia np nae ite ae aa 1. 80 (7. 5) 36. 171 0. 24 
I asia us ice icon cag nips Sr ees crate Coe ca ces 1. 53 (7. 6) 36. 017 0. 20 
Ne rn ee ee ee eee 5 1.28 7.6 35. 864 0.17 
NS Ss) eel eee ee! 0. 90 (7. 6) 35. 713 0.12 
DE iia Pwd cusiialain dutsishinnatidabutnh waiiidamseona es 0. 57 tet 35. 414 0. 074 
aE i a all roca ie aceon sell 1, 48 (7.7) 36. 340 0.19 
ie ki ie ae te wkd wi tare om eee camanoke ran we eee 1.95 7.9 36. 817 0. 25 
heeds pairasbouccnpiehakbbhiniacaimdealaenascawees 1.9 (7.9) 36. 664 0. 24 
The total neutron cross section o,,, is given by 
Fn) t= Fn,0t Fn, 080 (2) 


where on,,. is the compound nucleus formation cross section which includes the 
fission o,,;, neutron capture ¢o,,,, and the inelastic neutron scattering oy jas. Cross 
sections; and gp eso iS the elastic neutron scattering cross section. Since the 
capture cross section is small for 3—-Mev. neutrons compared to the fission and 
inelastic scattering cross sections, the compound nucleus formation cross section 
is adequately given by 

Pn,0= Ont t+ Tn,insc (3) 


The fission width I; is proportional to the neutron fission cross section. The 
sum of the fission width and the neutron emission width I, is proportional to the 
compound nucleus formation cross section. From these relationships it follows 
that T/(Te+Ta)=en,t/on,-. For the limiting case of a “black’”’ nucleus whose 
radius R is much larger than the neutron wavelength A, the compound nucleus 
formation cross section equals the elastic scattering cross section, 


Tn,0= Fn,eso= TR’. (4) 


Even though the neutron wavelength A for a 3-Mev. neutron is approximately 
30 percent of the radius of a heavy element nucleus, for the present calculations 
we assume the elastic scattering cross section equal to the compound nucleus 
formation cross section. With this assumption it follows that, 


Pe/(Ue+T a) =2en t/on,e (5) 


Values of I;/(T!;+TI,,) calculated from the 3-Mev. neutron cross section data of 
table IV by equation (5) are given in table V and plotted as solid circles in figure 6. 
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FISSIONABILITY OF HEAVY NUCLEI 





34 35 36 37 
2b, 


Ficure 6.—Values of I;/(f!+T,,) are plotted as a function of Z?/A. For a par- 
ticular compound nucleus I;/(f;+T,) is independent of excitation energy for 
energies between 8 and 12 Mev. The data in this figure is restricted to this 
energy range. The quantities plotted as solid circles (@) and open circles (O) 
are derived from 3-Mev. neutron cross sections and photofission and photo- 
neutron emission cross sections, respectively. 
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Taste V.—Values of T;/(T;+T,) and T/T; are given for nuclei excited in the 
energy range 8 to 12 Mev. At these excitation energies the ratios listed are inde- 
pendent of energy 








| 





Compound nucleus | Method of | M/(T++T a) r./T¢ 
| formation 

ne ee oe di oe eb eee eee coree toot n 8X 10-5 104 
re ge Lain aan se entaeae n 0.04 24 
a a Ra SN a cee i eae a y 0. 08 12 
I a ck ge ee ee ee ee Y 0.17 4.9 
I i eo a ee ee ee n 0 30 2.3 
RR chats unich naghigiianakhioedicis oueinhe aitlarseamiiuaatemen se aaeaal oe | 0.15 5.7 
RIS hice oh elon cae monnea oaabameabu ena cians veabace den | Y | 0.20 5.0 
WOURU ANS Spite Sire a a Ge he uk en ee eee n | 0.24 3.2 
ce oe Ne ea bee a eee Y | 0. 32 2.1 
i a Nk Be eee ae n | 0. 34 1.9 
a a i a I ee Y 0 38 1.6 
i de ee See ed n | 0. 40 1.8 
Se Me bina eens naippitaais accatalaaleheniesaiin aie DEAE a Se 1.6 
Ten ne own eabouec ooimeaeaeealnwenneee n 0. 48 11 
oe I a ae Y | 0 49 1.0 
aR a nS oon he ae tis a sold og eisine ewn ala aig n | 0 38 1.6 
cel a i a y 0 5! | 1.0 
nS eT ee n 0 48 | i.1 
ATR AE MAE MOT n 05 | 10 
sito ono a eS ooh nat a aan eae v 0. 70 0.4 





Data from photofission and photoneutron emission experiments are used to 
derive the remaining values of [;/([;+I,) in table V. These quantities are 
plotted as open circles in figure 6. In the case of U8 and Th? the photofission 
and the photoneutron emission cross sections were measured at several gamma 
energies. Since the fission width and neutron emission width are proportional 
to the photofission and photoneutron emission cross sections respectively, one 


obtains 
P'e/(Tet+P a) =0y,¢/ (Cr, t+ F450). (6) 


The photofission to photoneutron emission cross section ratios of U%* and 
Th? are within experimental error independent of excitation energy in the 
energy range 8 to 12 Mev. Assuming an average neutron binding energy of 
6 Mev., compound nuclei formed by 2- to 5.5-Mev. neutrons have approximately 
the same excitation energy as if produced directly by excitation with 8- to 12-Mev. 
gamma rays. In either case the product nucleus formed by neutron emission, 
(n,n’) or (y,n), has excitation energy below its fission and neutron emission 
thresholds. Secondary reaction cross sections such as (n,n’f) and (y,nf) are 
negligible at the above energies. From the gamma ray experiments on U8 and 
Th? one concludes that the fission to neutron emission width (I;/I,) is inde- 
pendent of excitation energy in the energy range 8 to 12 Mev. The constancy 
of the neutron induced fission cross section for a particular nuclide with neutrons 
of 2 to 5.5 Mev. is also consistent with a constant I;/I", ratio. 

Values of the quantity T;/(T!';+T,) given in table V for U**® and Th? of 0.2 
and 0.08 respectively, are average values derived from cross section data for 
8- to 12-Mev. gamma rays. Magnitudes of [;/(f[;+TI,) given in table V for 
Th23, (236, [235, 234, 1233, Np37, and Pu”® are derived from relative photofission 
yield experiments with 12-Mev. bremsstrahlung. In calculating values of 
T,/((;+I,,) for these latter nuclides, the assumption is made that the photo- 
fission and photoneutron cross sections make up all the total cross section (I, 
and other widths are negligible) and the sum of o,,, and c,,, for these isotopes 
is equal to the corresponding sum for U*8, It follows then that 


[rut re) |y=F[ rut 1s) eas (7) 


where X= Th, U236, etc. and F is the fissionability of the nuclide X relative to 
U8 with 12-Mev. bremsstrahlung. Values of F used in the present calculations 
are 0.46, 0.85, 1.00, 1.58, 1.88, 1.88, 2.44, 2.53, and 3.51 for the isotopes Th, 
Th289, [238 [236 [235 [24 1233, Np237, and Pu”, respectively. The value of 0.09 
for the ratio of T;/(f!+T,) calculated for Th? from equation (7) is close to the 
directly measured value of 0.08 and establishes the validity of equation (7). 
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Values of T;/(!r+T,,) derived from nuclei excited with neutrons (solid circles 
of fig. 6) and gamma rays (open circles) increase linearly with the Z?/A value of 
the compound nucleus. The 3-Mev. neutron data is within experimental error 
consistent with the data obtained from nuclei excited with gamma rays. This 
agreement indicates that the assumption of equal cross sections for compound 
nucleus formation and elastic nuetron scattering for 3-Mev. neutrons is valid with- 
in our experimental errors. 

Values of T's/(T!;+I,) vary from 0.04 for Th? to 0.70 for Pu®*®. The fission 
width I; is dependent on the fission parameter Z?/A and increases linearly with 
increasing values of Z/A. The ratio of fission width to neutron emission width 
r,/T'., is approximately constant at excitation energies of 8 to 12 Mev. 
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_ Representative Price. The next witness is Dr. Milton Burton who 

is widely known for his work in the field of radiation chemistry. 

Dr. Burton is a professor of chemistry at the University of Notre 

Dame. 


STATEMENT OF DR. MILTON BURTON, PROFESSOR OF CHEMISTRY, 
UNIVERSITY OF NOTRE DAME* 


Dr. Burton. Thank you very much for the opportunity to speak to 
you about our work. 

Representative Price. We are happy to have you before the com- 
mittee. 

Dr. Burton. What I am about to talk about is essentially work that 
is done by three of the professors at the radiation project of the Uni- 
versity of Notre Dame. From time to time I will talk about work 
that is not entirely my own. Some of our work is experimental, some 
is theoretical. 

I should mention particularly, the names of Professors Magee and 
Hamill and although I will not allude to them by name I want you to 
understand they are involved in this work. 

What we are talking about are the effects of radiation on matter, not 
the production of radiation from matter that you were listening to in 
the past few minutes, but the effects of radiation on matter and particu- 
larly, the molecular system and not the atoms. 

These processes are relatively low-energy processes compared to 
what you have been listening to. When we get up to 10 million volts 
that is a lot of energy from this point of view. Also, the chemistry 
that we are talking about is different from conventional chemistry. 
It is the chemistry of ions and excited molecules. 

An orthodox situation that we deal with in chemistry is something 
like that represented in Figure 1. In order for two molecules to react 
with each other, they must collide; they give you what is called an 
activated complex and then they dissociate. This is the usual thing. 
This is not what you see too often in radiation chemistry. In particu- 
lar, I want to speak for a moment about what happens in a gas. 

Figure 2 shows the situation for the reaction between an ion and a 
molecule. Here is a case that was studied in the mass spectrometer, 
an instrument used by chemists chiefly for analytical purposes. 
With this instrument it is possible to study reactions which take place 
in an ionization chamber. 


21Born in Stapleton, N. Y., on March 4, 1902. He is married and has two sons. 
Currently he is vice president and president-elect of the Radiation Research Society and 
counselor of the Federation of American Scientists. 

Burton took his doctor of philosophy at New York University in 1925 and spent 10 years 
in industry before returning to academic life in 1935. With the exception of a year spent as 
a visiting fellow in California, 1937-38, he stayed at New York University until 1942, leav- 
ing there to become chief of the radiation chemistry section at the metallurgical laboratory 
at the University of Chicago and at Clinton Laboratories in Oak Ridge. He joined the 
faculty at the University of Notre Dame in 1945 as a professor of chemistry. Became 
director of the radiation project in 1947. 

At present he serves as consultant to the Oak Ridge National Laboratory and to the 
Argonne National Laboratory. He is a member of numerous scientific societies both here 
and abroad and a frequent contributor to many of their publications. In 1955-56 Burton 
was Guggenheim fellow, Fulbright lecturer, and guest professor at Goettingen, Germany. 

His principal fields of specialization at present are radiation chemistry, photochemistry, 
and the chemistry of the electric discharge. 
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One can study these reactions by varying the density of the gas 
from 10-° mm. to 10° mm. pressure. By these studies it has been 
found that ions and molecules apparently react with each other when 


they are as much as 30 molecules apart. This result is what we call 
an artifact. It cannot possibly be true. 


FIGURE 1. 
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FIGureE 3. 





Ion : Induced dipole 


The explanation is that, when the ion and molecule do come this 
close together, they inevitably react. The reason, as shown in figure 
3 is that the ion induces in the molecule what we call a dipole. One 
side of the molecule becomes negative, and the other side becomes 
positive and an attraction between the positive ion and negative side 
of the induced dipole results. 

When these particles are within a reasonable distance from each 
other, which may vary from a few molecular diameters up to about 
40 molecular diameters, they inevitably attract each other, come to- 
gether and react. 

This type of reaction is very characteristic of radiation chemistry. 
It has not been observed under any conditions characteristic of normal 
chemistry. It may prove very useful, for example, in industry in the 
technology of gases; petroleum gases, for example. 

It has already proven useful and will continue to prove useful in 
an understanding of the evolution of the atmosphere. Perhaps Pro- 
fessor Urey may refer to this subject later. I allude to the evolution 
from the atmosphere of the complicated organic compounds that are 
necessary for life itself. Such evolution may involve this kind of 
process. 

A particular point that I wish to emphasize is that these reagtions 
are rather great in number and variety. A simple molecule like 
methane, enters into ion-molecule addition reactions that result in 
a build-up, so that the CH,, which was present in the atmosphere 
originally may grow into very long-chain hydrocarbon gases. Ac- 
cording to Professor Hamill a compound like benzene may enter 25 
different reactions. You might think, consequently, that benzene 
would be particularly sensitive to high-energy radiation. However. if 
you consider what happens to liquid benzene and compare it with 
another hydrocarbon, cyclohexane, which does not differ very much 
in structure, liquid benzene is comparatively practically unaffected 
by radiation. 
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We immediately have the question: Why is this so? We must go 
back and look at the elementary processes which occur. You see 
from figure 4 that, in the case of cyclohexane, a definite energy in- 
put produces about 5.8 units of hydrogen. In the case of benzene 
the same energy input produces less than 459 that amount of hydro- 
gen. One immediate question is, is this result real or is it some kind 
of artifact? 

I can answer that to a large degree it is real, although there are also 
some artifacts that may enter. However, for the most part, the 
effect is real; it goes back to the fact that in the liquid state other 
processes must be considered. The reactions which can occur in 
liquid state are shown in figure 5. 


FIGURE 4. 
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Ficure 5. 
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The circles on the left represent molecules. A molecule is acted 
upon by high-energy radiation and gives an ion and electron. 
Alternatively, if less energy is imparted to the molecule, an excited 
molecule results. In the cases I have been discussing, the ions that 
are produced in the ionization chamber of the mass spectrometer 
last long enough to react, but in a liquid, the evidence is that the 
electron recombines with the ion which was produced simultaneously 
with it in a time of 10-** seconds. 

In the course of recombination a very highly excited molecule is ob- 
tained, see figure 6. Since this molecule is highly excited, you may 
wonder why it is that benzene does not decompose. The answer is 
that neither this highly excited molecule nor the intermediately ex- 
cited molecules, such as shown in figure 5, last very long. 

Studies of luminescence phenomena indicate that these excited 
species decay in 10-** seconds (that is, in about one ten-million-mil- 
lionth of a second), to give the lowest excited states. The chemistry 
of the process is determined by what happens to these low-excited 
states. 
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Fieure 6. 





In the case of benzene we have what is called a highly resonant 
structure. These highly resonant structures are marked by the fact 
that the electron which is involved in the process of excitation is not 
localized in a particular bond but is, so to speak, spread out over the 
whole molecule. 

The result is that processes of degradation of energy can occur and 
such highly resonant molecules as indicated on this chart do not de- 
compose readily when they are subjected to high energy radiation, 
that is, they are resistant to radiation. 

In figure 7, I have listed benzene, napthalene, anthracene, diphenyl, 
and terphenyl as typical aromatic compounds. The interesting thing 
about these compounds is that if they are put in a nuclear pile they 
can function as coolants and moderators and if they are resistant to 
radiation this is a very desirable property. 


Ficure 7. 
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Fiaure 8. 





It happens that the North American Aviation Co. has been work- 
ing with a nuclear reactor in which they have been trying to use 
paraterphenyl, which is ordinarily solid, as a coolant and as a mod- 
erator. This rather high temperature unit—for possible use in which 
these compounds are studied—can prove to be very useful. 

I want also, to point out that these compounds, in addition to be- 
ing themselves resistant to radiation, can protect others from radi- 
ation. This is a very interesting phenomenon from a number of 
points of view. Figure 8 shows what is involved in this process. 

hese light circles are supposed to represent molecules; the dark 
round one represents another molecular species. 

The dark one is the only one different from the rest. If you have 
a system where you have molecules predominantly of species C—the 
light one—and it is irradiated, the chances are that only the C- 
type molecules should be affected by radiation. The chance that a 
dark molecule, which we will call species B, would be dierctly affected 
is pretty small. It just won’t happen. 

Nevertheless, what we have is this: The excitation which occurs 
in the molecular species C—the dark irrregular spot—does not seem 
to be destructive in the presence of certain protective agents. <A trace 
of protective agent may prevent the major component from decom- 
posing. The presence of really small amounts of benzene cuts down 
the composition of cyclohexane. In particular case, we think in terms 
of a model where the energy is transferred from the cyclohexane to 
the benzene before it can decompose. 

If we have iodine in the cyclohexane instead of benzene, traces 
are even more effective—figure 9. The iodine is supposed to capture 
the electron and give negative ions which intrude into the neutral- 
ization process and prevent decomposition. 


_ i. a sh 
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If, on the other hand, we have something like a para-terphenyl 
here instead of benzene, then the para-terphenyl] which is there in 
trace quantities can emit light even though practically all the energy 
is absorbed by cyclohexane, just as if the energy had been absorbed in 
the para-terpheny] itself and in spite of the fact that the cyclohexane 
is incapable of emitting light—figure 10. 


FIGuRE 9. 


Hudrogen Yields 


! ae 


100/C 95/C 99.77,C 
5/B O.3/, 15 


FiGureE 10. 


99.97. 


coe 


S 01%—>Light 








} 
i 
i 
| 





118 PHYSICAL RESEARCH PROGRAM 


FIGURE 11. 
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If we put methyl iodide in—figure 11—instead of the benzene, it 
can be preferentially decomposed, in spite of the fact that the methyl 
iodide may be there in trace concentration. If methyl alcohol is used 
as a major component, the introduction of potassium iodide can 
cause this, the yield of formaldehyde from ethyl! alcohol to increases 
and the yield of ethylene glycol, for example, to decrease remark- 
ably. There are also other products and other effects. I can show 
you charts to illustrate such effects, but I don’t want to develop this 
point to too great an extent. All I want to indicate is that phenomena 
like this can ultim: itely prove of great utility both industrially and in 

radiation biology and radiation medicine. 

The phenomenon of protection itself is clearly important. 

Chairman Duruam. That is what we are looking for. 

Dr. Burron. On the other hand, I don’t want to exaggerate. We 
have a lot to learn. 

Representative Parrerson. Could such a phenomenon be used for 
shielding ? 

Dr. Burton. I should point out it depends on what you are shield- 
ing against and what you are shielding. 

Representative Patrerson. Against radiation. 

Dr. Burton. I know that. I meant neutrons or gamma rays. I 
would hesitate to answer this question by a flat “yes” or “no.” It 
depends so much on what we are thinking about when we say this. 
If we are saying that we want to shield one component from the ef- 
fects of radiation, the answer is “yes,” but not shielding in the sense 
that you want to shield a nuclear reactor or shield people against a 
nuclear reactor. 

Representative Parrmrson. I had a nuclear reactor in mind, apply- 
ing to an airplane. 
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Dr. Burton. No. There are other factors that come in there. Inter- 
esting, but quite different. 

There are definite uses of radiation chemistry for industry. I 
brought a couple of samples with me that I would like to have you 
look at. This stuff I have here is sticky and friable. It is a sort of 
silicone putty. Break it up. You see that it breaks up into little 
pieces if you play with it. 

These 2 samples of the same material have been exposed in 1 
of our radioactive cobalt sources at Notre Dame in the last few days. 
If you play with them you can easily establish for yourself which 
was exposed the longer. 

Representative Hosmer. Is it my understanding that the work that 
you are doing might increase the efficiency of certain chemical plants— 
in other words, you produce more of the product you are after and 
less of some byproduct in some instances ? 

Dr. Burron. Yes; precisely that. 

Representative Hosmer. And also produce new products. 

Dr. Burron. Yes. There are a number of such possibilities. 

Representative Price. Which one is exposed the longer ? 

Dr. Burton. Feel it and you can tell. 

Representative Price. The softer one or the harder one? 

Dr. Burron. The harder one. If exposed longer, it would get 
even tougher. You notice that in one of those samples there were 
lumps of stuff which were broken up and then just squeezed together 
You can see where the original lines of “squeezing together” were. 

Representative Parrrrson. In what process would these be used ? 
What is the employment ? 

Representative Price. You mentioned their use in industry. 

Dr. Burton. This particular process represented by the samples, 
I don’t know very much about. I am just learning a little bit shout 
it now. Ultimately, these may result, for example, in the production 
of a new type of rubber tire. 

Representative Price. That is what we guessed up here. 

Dr. Burron. I suppose so. During the war years we had a man 
working with us who is now at the Radiation Laboratory at Cali- 
fornia, Professor Garrison. He was just out of college with his 
doctor of philosophy degree. We were exposing everything there. 
We had lubricating oil for example, that we had to find out about. 
Garrison left lubricating oil under radiation until it got real thick. 
Afterward, it looked so much like rubber latex that ‘he decided to 
vuleanize it. He did and made a rubber ball. 

Representative Price. Would further exposure disintegrate it? 

Dr. Burton. Yes. If you left it in long enough, you will knock it 
to pieces. You have to know when to stop these things. 

Representative Price. Have you completed your statement ? 

Dr. Burron. Whatever you wish. . 

Representative Price. Are there any questions? 

If not, I would like to ask one question: How is your project related 
to the atomic energy program of the Commission itself ? 

Dr. Burton. The radiation project was started right after the end 
of the war at Notre Dame for this reason: We had this big radiation 
chemistry section at Chicago which spread out and ultimately went to 
Oak Ridge and other places. It was concerned with the rather funda- 
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mental problem of whether a reactor would be able to stand up under 
its own radiation; whether, for example, you would have radiation 
corrosion—Dr. Allen, who will speak in a little while, worked on this 
too—whether the pile would distintegrate, whether the graphite would 
develop properties which would make for danger. 

Professor Seitz’ testimony yesterday referred to the fact that we 
were working on these problems. We had to anticipate, before any 
pile was made, what was going to happen to it. We had to use about 
every source of high energy radiation that was available. 

At Notre Dame there was a Van de Graaff generator; at other places 
there were cyclotrons. We grabbed every single instrument we could 
use because anything that would give high radiation had to be used. 

We had a group from our own section at Chicago working at Notre 
Dame. It was a rather natural thing after the war that when I was 
invited to Notre Dame I went there. The work at Notre Dame was 
supported first by the Office of Naval Research. It got to be too bi 
a deal for them. It was too big for the limited funds they had 
available. 

Then the Atomic Energy Commission began supporting it and our 
rincipal source of support for this work for almost the last 10 years 
as come from the Atomic Energy Commission. I think it is one of 

the really big chemical installations in universities. 

Representative Price. Was the effort directed toward any partic- 
ular project within the Atomic Energy Commission, or is it an overall 
source of information for any problem ? 

Dr. Burton. The radiation project likes to deal with any chemi- 
cal problem which is of value to the atomic energy work. But our 
principal activity is in radiation chemistry where we have been tradi- 
tionally interested. We are not limited in what we do. 

Representative Pricer. You say your principal source of support 
now comes from the Atomic Energy Commission. 

Dr. Burton. That is correct. 

Representative Price. What is another source ? 

Dr. Burton. From time to time we have gotten minor assistance 
from companies who have supported fellows, for example, or who 
have given us money for capital equipment that we were not able to 
get out of other funds—particularly in the past. 

Now the Atomic Energy Commission has been giving us capital 
equipment. Our principal difficulty now is space. 

Representative Price. How serious is that? 

Dr. Burton. Very serious indeed. We simply cannot accommodate 
all the people now who want to work in radiation chemistry. We 
have mostly students working in this field. We are training people— 
by doing research—to continue to do research like this in the future in 
atomic energy laboratories and in industry. 

Representative Price. How many such programs would there be 
throughout the country in universities and other places of this nature? 

Dr. Burton. They are beginning to develop. There are smaller 
operations in several places: At the University of Tlinois, at Penn- 
sylvania State, at Wisconsin, I hope what is going to be a big one 
in Florida or maybe even a couple of big ones in Florida, and then 
there is a very nice one at Berkeley. I already mentioned Dr. Garri- 
son there. 
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Representative Parrerson. What part of Florida? The University 
of Florida? 

Dr. Burton. I think Florida State University is going to work at it 
in a big way. They already have several — actively engaged. 
However, the people of the University of Florida have already been 
doing some very nice work on the ion reactions, particularly the 
reactions of the negative ions. 

Representative Parrerson. How about the University of Miami? 

Dr. Burton. I know of no work at the University of Miami in this 
field. 

Representative Hosmer. Are any of the experiments that have 
been done at Notre Dame now actually being used in industrial pro- 
duction that you know of ? 

Dr. Burron. Let us put it this way: We have made contributions to 
an understanding of the phenomena which are involved in radiation 
chemistry. Undoubtedly people who are industrially inclined have 
used our information. For example, I told you about this Para- 
terpheny! business. 

Representative Hosmer. Is radiation chemistry being used to a 
very great extent in industry today ? 

Dr. Burton. A very interesting aspect is cross-linking of polymers 
which you may have heard something about. Consider polyethylene. 
Superficially it looks like paraffin. If you heat it up in boiling water, 
it will melt. On the other hand, it is a readily moldable material. 
You cannot make a baby’s milk bottle out of it conveniently because 
if you sterilize the bottle in hot water it melts into a lump. If you are 
irradiate the baby’s bottle first and expose it to radiation it won’t melt. 
This particular item of heat-stabilized aoe is being pro- 
duced in large quantity by the General Electric Co. 

Representative Durnam. It would be helpful for industry in 
reactor construction that you have done research work on materials? 

Dr. Burron. Yes. 

Representative DurHam. It would extend down to the field today 
where private enterprise wants to build a reactor and wants to know 
whether the radiation will destroy it or whether it will stand up, and 
you have extended your work over the years in that field? 

Dr. Burron. Westarted with this. If you take the case of graphite, 
for example, it would not have been safe to try to operate the nuclear 
reactors at Hanford if we had not known in advance what the graph- 
ite was going to do. The same thing applies to the cooling of the 
reactor with water. If we had not known in advance what the water 
was going to do in a nuclear reactor, we could not have used it. 

Dr. Allen and Dr. Hart will tell you about continuing studies in 
this field. It would have been dangerous to operate the old reactors 
and it would be dangerous to operate the new proposed ones without 
this knowledge. 

Representative Hosmer. In other words, you started out to find out 
what things you had to watch out for and in the process you have 
developed a positive type of technology ? 

Dr. Burton. Yes; that is correct. 

Representative Price. Are there any further questions? 

If not, thank you very much, Dr. Burton. We appreciate your 
testimony and will insert your statement in the record at this point. 
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Dr. Burton. It has been a real pleasure. 
(The prepared statement by Dr. Burton follows :) 


RADIATION CHEMISTRY: Errects OF HIGH-ENERGY RADIATION ON ORGANIC 
COMPOUNDS 


(Milton Burton, University of Notre Dame) 
NATURE OF RADIATION CHEMISTRY 


Radiation chemistry is concerned with the chemical effects of high-energy 
radiations: i. e., all the types of high-energy particles and rays associated with 
atomic energy and nuclear decay and all the artificial counterparts producable 
in a large variety of high-voltage machines. Thus, the radiations of interest 
in this field embrace many particles and waves: alpha, beta, gamma, neutrons, 
fission recoils, atom recoils, x-rays, and accelerated protons, deuterons, electrons, 
and heavy nuclei. 

In spite of their diverse character, all these energetic entities have one prop- 
erty in common. In their passage through matter they produce ions, electrons, 
excited molecules, free atoms, free radicals (i. e., submolecules with unsatisfied 
valences), light, heat, and, almost incidentally, a considerable variety of chemical 
effects : decomposition, synthesis of new products, polymerization, etc. In many 
respects, a lightning discharge produces effects similar to those of high-energy 
radiation ; it is more dramatic but, on the other hand, somewhat less complicated. 
Thus, one of the ways to understand radiation chemistry involves study of the 
electric discharge. 

RANGE OF INTEREST 


Radiation chemistry is concerned not only with the observation of chemical 
changes induced by high-energy radiation. It is concerned also with the under- 
standing of the effects, with answers not only to the question of which substances 
and mixtures are particularly sensitive or insensitive to radiation, but why they 
possess such sensitivity, how such sensitivity can be modified and controlled, 
how such sensitivity can be employed in our studies of the properties of matter, 
and ultimately with matters of possible utility—particularly with matters of 
uniqueness, with the possible discoveries of processes that cannot be produced 
in any other way. 

VARIETY OF RESEARCH APPROACHES 


At Notre Dame insight has been gained into various aspects of these processes 
both by straightforward physical and chemical studies, and by theoretical re- 
search. The work covered in this review represents but a small fraction of our 
total activity, but it is illustrative of the methods employed and the results 
obtained. The conclusions derive in part from the activities of professors other 
than myself. I should mention especially, in this connection, the theoretical con- 
tributions of Prof. John L. Magee and his students and the experiments by Prof. 
W. H. Hamill and his associates on the formation and behavior of ions and free 
radicals in both the gaseous and the liquid states. 


ORGANIC COMPOUNDS IN RADIATION CHEMISTRY 


Organic compounds have a special charm in studies of radiation chemistry for 
several closely related reasons. In the first place, their chemical and physical 
properties may be almost continuously modified by slight variation in composi- 
tion, structure, and complexity over a very broad range. They vary in com- 
plexity and size from simple compounds like methane, CH,, to complex proteins 
which are the essential components of living tissue and whose structure has 
only recently begun to be elucidated. Because of such interrelations of proper- 
ties and gradations of behavior, it seems possible to extrapolate from carefully 
planned studies in relatively simple organic systems to a prediction of the be- 
havior of the more complicated systems which have importance for industry or, 
more significantly, for life itself. 

This report contains examples of some studies of the behavior of a few illus- 
trative, model compounds and of some of the conclusions drawn from that work. 
Most of the examples discussed are drawn from the family of hydrocarbons, the 
simplest class of organic compounds. 
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HYDROCARBONS 


Hydrocarbons contain only carbon and hydrogen atoms in their molecules. 
We use “hydrogen” in the generic sense; when heavy hydrogen (identified vari- 
ously at H’, D, or deuterium) is substituted for H, the molecule or a portion of 
it may be thus clearly labeled for study, but the compound is still a hydrocarbon. 

Aliphatic hydrocarbons are the simplest and the most labile to high-energy 
radiation. They include such “straight-chain” hydrocarbons as methane, ethane 
(CH;:CHs), propane (CH;-CH:-CH:), more closely packed structures like 
neopentane, CsH. 

CH; 


CH;—C—CH; 
CH; 


and ring structures like cyclohexane, CoH», 
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Aromatic hydrocarbons are, by contrast to aliphatic, very resistant to radi- 
ation. The simplest aromatic hydrocarbon is benezene, CsHe. 
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Like other aromatic hydrocarbons it has a so-called resonant structure which 
confers special chemical stability. In a resonant structure the double bonds 
are not nearly so exactly located as the diagram would suggest. Some other 
aromatic hydrocarbons are naphthalene, anthracene, diphenyl, p-terphenyl, 
m-terphenyl, ete. They are all highly resonant, and, like benzene, all very 
resistant to high-energy radiation. Compounds like p-terphenyl, CisHu, repre- 
sented by the simplified drawing 


ur oe 


are therefore under active consideration and test as possible moderator fluids 
for certain types of nuclear reactors. 


YIELDS AND UNITS OF YIELD 


The commonly employed unit of yield in radiation chemistry is the G-value or 
100 e. v. yield. It is the number of molecules produced (or consumed) per 100 
electron volts of energy input. It is a directly measurable quantity. Thus, 
G(H:) is the number of molecules of hydrogen produced per 100 e. v. input. 
The G(H:) values for two cases of immediate interest are 


Cyclohexane.._- 
Benzene 


As far as hydrogen production is concerned, liquid cyclohexane is thus more 
than 150 times as sensitive as liquid benzene. 
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One of the first questions that the radiation chemist must answer is “Is this 
difference real or merely apparent? Are there other reactions occurring not re- 
vealed by this difference in G—values?” The answer is that there are other reac- 
tions and that the difference is not so great as might be indicated by G(H:) 
alone but it is still great. Benzene is clearly more resistant to radiation than 
is cyclohexane (by a factor of about 7) and, rather strangely, by its presence 
in a mixture with cyclohexane it appears to stabilize that compound. 


PROTECTION 


A mixture of benzene and cyclohexane in equal molecular concentration be- 
haves more like benzene than like cyclohexane. For such a mixture G(H:)=0.4; 
even for a mixture containing only 5 mole % benzene, G(H:) is only 3.5 con- 
trasted with 5.8 for pure cyclohexane. Benzene is not alone in its ability to 
“protect.” For example 0.8% iodine in cyclohexane lowers G(H:) to 3.6. How- 
ever, the mechanisms may be expected to be different and one may legitimately 
ask the question, in either case, “Is it real?” Chemists can properly ask “Does 
the additive merely consume the hydrogen and interfere with our observations?” 


ION-MOLECULE REACTIONS 


The question is rather dramatically pointed up by recent studies of the reac- 
tions which occur in very dilute gases in the mass spectrometer, an instrument 
used by chemists mainly for analytical purposes. 

When the mass spectrum of methane gas, for example, is studied as a func- 
tion of pressure (in the range around 10—*® mm), it is found that some of the re- 
sults can be explained on the basis of ion-molecule reactions like 


CH,’ +CH.> C:H.*+ Hz 
ion+molecule> ion+ molecule - 


Other more complicated cases have also been studied and it has been uniformly 
found that, in those cases where reaction occurs, the ion and the molecule in- 
evitably react when they come within about 15 molecular diameters, or some- 
times even more, of each other. 

To a person familiar only with conventional chemistry such a process may 
appear, at first sight, strange. In the orthodox reaction between two entities 
actual collision is required and one is perforce led to question the cause of this 
apparent ambiguity. The answer is that the positive ion induces a dipole on 
the uncharged molecule» with the negative side toward the positive ion. Thus, 
if they come within a limiting distance of each other, they inevitably collide, 
and, if the chemical factors are correct, they inevitably react. 

Reactions of the ion-molecule type were barely expected before the advent of 
radiation chemistry. There are evidences that they may have been involved in 
the evolution of our atmosphere and of the compounds necessary for creation of 
life. They may ultimately prove very important industrially because they 
seem to present the promise of one type of chemical synthesis in gases not ob- 
tainable by any of the orthodox chemical procedures. 

A curious facet of these studies is presented by the case of benzene vapor. In 
this case, 25 different ion-molecule reactions have been observed. Such a large 
number of reactions seems to imply great sensitivity of benzene to high-energy 
radiation in the vapor phase. Actually, benzene is relatively resistant in the 
vapor and very much more resistant as a liquid. We are confronted with the 
question “Why is benzene so resistant to radiation, particularly in the liquid 
state, and how does it protect?” 


ION PROCESSES IN THE CONDENSED STATE 


As already indicated, high-energy radiation produces as a first stage prior to 
any chemical process, exited molecules as well as ions and energetic electrons. 
The latter are slowed down in the liquid state and captured in a time of the 
order of less than 10-” see. (i. e., less than one-ten-million-millionth of a second). 
If the parent ion captures the electron, a highly excited molecule results. If 
seme other species (e. g. added iodine) captures the electron, the positive ion 
may survive long enough to enter into an ion-molecule reaction. 

The behavior of benzene (as well as other substances) in the liquid state may 
be understood in terms of the fate of such a highly excited molecule. The best 
evidence indicates a rapid degradation of energy (in about 10™ sec. or less) so 
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that a very low excited state ensues. If the state is inherently stable, like that 
of highly “resonant” benzene, not much reaction is observed. On the other hand, 
other molecules, like cyclohexane, decompose with relatively high yield. 

There are, however, other ways in which reaction can occur in the liquid 

state. If the electron is captured not by the parent positive ion, but by some 
other molecule, the parent ion may last long enough to enter into ion-molecule 
reactions like those which occur in gases—but of somewhat less variety. Or it 
may lose its charge by transfer to another species—and thus be “protected” from 
decomposition. Or it may be neutralized by a negative ion and produce products 
which involve cooperation of two molecules—and we may go on to note that 
hese do not represent all the possibilities of reaction of ions in liquids. One, 
still in the speculative stage, appears to be a neutralization reaction of an electron 
plus an ion plus another molecule. This reaction is particularly fascinating 
because it may explain, for example, some aspects of the processes of radiation- 
induced cross-linking in polymers. In such a process a low-melting molded 
plastic may be converted by irradiation to a material which can be readily 
sterilized by boiling water (and at even higher temperatures) without apparent 
melting or change in form. The same phenomenon of radiation-induced cross- 
linking can be used to convert a tacky, putty-like, friable form of silicone to a 
silicone rubber ; i. e., it is used for vulcanization. 


SENSITIZATION 


In this category we consider two classes of phenomena. 

1. A substance present in low concentration may change the overall course of 
reaction of the major constituent, in which effectively all the energy is absorbed. 
We have seen that an added substance which readily gives negative ions can give 
such a result. In that case the negative ion may actually enter into the overall 
reaction. However, there are other cases in which nothing appears to happen 
to the additive. For example, methanol (methyl alcohol) gives among other 
products of radiolysis (i. e., decomposition by high-energy radiation) formalde- 
hyde and ethylene glycol, the latter of which is a well-known antifreeze. The 
addition of 1 percent by weight of potassium iodide promotes production of 
formaldehyde but reduces that of the ethylene glycol. 

2. (a) A substance present in low concentration is selectively decomposed even 
though the energy is essentially entirely absorbed in the major constituent. A 
trace of methyl iodide in cyclohexane is selectively decomposed with high yield. 
In this case, the evidence is that an intermediate free radical produced by 
radiolysis of cyclohexane starts a chain reaction which acts selectively on the 
methyl iodide. 

(b) A substance present in low concentration emits a characteristic lumi- 
nescence—even though the energy is absorbed by the major constituent and 
even though the latter may be unable to emit luminescence itself. The phenome- 
non is similar to protection. Excitation transfer is clearly involved. 


UTILITY 


Both limitation and selectivity of radiation-induced decomposition and syn- 
thetic processes have important significance in industry and in radiation biology. 
They will definitely lead to increased understanding of other phenomena, e. g., 
of the mechanism of catalysis, of energy transfer, of protection, and sensitiza- 
tion in a variety of biological processes. And, of course, the increased under- 
standing will make ultimately for increasingly effective and economical use of 
radiation in industrial synthesis and in radiological medicine. 
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Representative Price. The next witness is Dr. A. O. Allen, who 
has also done most of his work in the field of the effects of radiation 
on chemical systems and has been a member of the staff of the Chem- 
istry Department of the Brookhaven National Laboratories since 1948. 


STATEMENT OF DR. A. 0. ALLEN,’ CHEMISTRY DEPARTMENT, 
BROOKHAVEN NATIONAL LABORATORY, UPTON, LONG ISLAND, 
N. Y. 


Dr. Atten. Thank you very much, Mr. Chairman. 

Most of my work in the field of radiation chemistry has been con- 
centrated on the study of effects of radiation on water and on solu- 
tions of various substances in water. Many of the other workers in 
radiation chemistry have also chosen to concentrate in this field. 

I think the source of this interest is that two of the most important 
applications of radiation chemistry involve water. One of these is 
the action of radiation on living systems. The living cell is about 85 
percent water, and it has been thought that the action of radiation on 
this water might be responsible for much of the biological effects. 

However, I ‘think those of us w ho are here today became interested 
in water largely through its use in nuclear reactors as a moderator, 
and even more widely as a cooling agent. In this application, the 
water is exposed to extremely high intensities of radiation. 

The decomposition of water by radiation has actually been looked 
at for a long time, going back to the discovery of radium. 

When I first came in contact with this subject in 1943, there were 
many things that still were not very clear. It appeared, from the work 
we could find in the literature, that if water was exposed to alpha 
rays it decomposed and formed hydrogen gas, hydrogen peroxide, and 
oxygen gas, as might be expected from the action of alpha rays in 
decomposing other substances. Howev er, it was reported that water 
exposed to X-rays would not decompose at all, although substances 
dissolved in the water might show much chemical change. It was ve 
hard for us for a while to understand just why the alpha ray and the 
X-ray should behave so differently. 


1Born in California in 1910, obtained his B. S. from the University of California at 
Berkeley in 1930 and Ph. D. in chemistry from Harvard University in 1938. He worked 
at the Ethyl Corp. laboratories until early 1943, when he went with the wartime atomic 
energy project at the University of Chicago to aid in the development of the first nuclear 
reactors. Since that time he has devoted himself to research in the field of the chemical 
effects of high energy radiation, first at Chicago, then at Oak Ridge, and since 1948 at 
Brookhaven National Laboratory. His particular interest is in the mechanism of reactions 
produced in water and aqueous solutions by radiation, on which topic he has numerous 
publications. Besides being a member of the American Chemical Society, he is a member 
and at present a councilor of the Radiation Research Society. 
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As a result of a lot of study, not only on the decomposition of pure 
water but also on what happens to a lot of different kinds of sub- 
stances dissolved in water, I think we have reached some under- 
standing of the situation. It seems that water when it is irradiated 
yields two kinds of products. Water can be decomposed to form 
ordinary molecules of hydrogen gas and hydrogen peroxide molecules. 
Later the peroxide may dec ompose to give oxygen gas 

In addition to this, water is decomposed by “radiation in another 
way to give molecular fragments, H and OH, called free radicals. A 
water molecule may simply be torn up, perhe vos as a result of activa- 
tion to break one of the bonds and to give these two fragments; or 
they may arise in a more indirect way as a result of ionization proe- 
esses. These radicals are very reactive chemically. 

If they are formed in the water by decomposition, they will diffuse 
and react with molecules of any dissolved material they may find, 
which we may have added to the water. 

Then by studying various solutions and postulating what we think 
are the reactions that these radicals should bring about, we have 
been able, by seeing how much of dissolved materials are transformed, 
to deduce how many radicals are produced, and to show that the va- 
rious occurrences in all the different solutions can be brought together 
and explained on the basis of these primary decomposition reactions 
of the water. 

Now, what about the decomposition of pure water itself? There 
these radicals, as they are formed, will find nothing else to react with 
in the water, and as the decomposition products, hydrogen and hydro- 
gen peroxide, accumulate these radicals will start acting on them. 
The reactions produced may be a little complicated in detail, but the 
effect will be to make the molecules, hydrogen and peroxide rev ‘ert back 
to water. 

This is apparently what happens when water is irradiated with 

gamma rays and X-rays. We get quite a large number of radicals 
compared to the number of molecular decomposition products. As 
the hydrogen gas accumulates in solution in the water, then these 
radicals will soon start to attack it and will reconvert the hydrogen 
and peroxide back to water, so that the water appears to be completely 
stable. 

Alpha rays, on the other hand, seem to produce much larger num- 
bers of the molecular products than of the radicals. What radicals 
are produced will react with the molecular products as they accumu- 
late and convert them back to water, but there are just not enough 
radicals formed to convert all the molecular products back to w ater, 
so that the products will continue to accumulate and the gas will 
build up in the water. If water in a closed tube is irradiated with 
alpha rays, a pressure of gas will build up and the tube will soon 
break; whereas, with X-rays, you may irradiate the tube indefinitely 
without worrying about anything happening. 

Chairman Durnam. Would that beeen in an ordinary reactor? 

Dr. Auten. In the ordinary reactor, the situation is such that 
plenty of radicals are formed. Dr. Hart is going to explain this in 
more detail shortly. 

We then ask why this difference between alpha rays and the gamma 

rays or other kinds of light particle radiation. I think we can explain 
this on the basis of the geometry of radiation absorption in material. 
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From gamma radiation, the energy is actually given up to the mate- 
rial by fast electrons. In accordance with the principles of the quan- 
tum theory, they do not give up their energy continuously, but only 
in jumps here and there along their track. 

The average quantity of energy given up as a result of one such 
event is about 100 electron volts. This is enough to decompose sev- 
eral molecules of water. So what happens is that right at some spot 
along the track of an electron, a number of water m olecules are decom- 
posed, We think that what happens to all of them initially is to 
break up into radicals, a group of H and OH, being formed equal in 
number and located close loadin 

Then, in the case of a fast electron, nothing more will happen until, 
a considerable distance along the t track, another such group may be 
formed. The distance is so great that the groups develop quite inde- 
vendently of one another. The radicals will diffuse out-of the region 
in which they are formed. They have all three dimensions to diffuse 
in. Most of them will simply diffuse out in one direction or another 
and react with anything that they find in the solution. 

A few of them, particularly those formed near the center of the 
group, before they can diffuse very far may meet up with another 

radical. When that happens, being chemically very reactive, they will 
link together. If an OH and an H meet, they will go back to w ater, 
and you will not know anything has happened. But 2 H’s m: Ly com- 
bine to form a hydrogen gas molecule, or 2 OH’s, meeting up together, 
may form a molecule of hydrogen peroxide. This we believe to be 
the source of these molecular products. From a small group of 
radicals the chances are that the majority will escape by diffusion. 

When we go to alpha particles, we have a different gometrical situ- 
ation, in that along the track of an alpha particle the events in which 
the particle loses energy occur much more frequently. So that these 
groups are formed with their centers very close together. In fact, 
they overlap, and form a continuous track of dissociated water. The 
chances of a given radical in such a continuous track being able to 
diffuse out without meeting any other partner are very much less 
than in the case of an isolated spot. There is only about one direc- 
tion that these things can start to diffuse in to escape the track. That 
is straight toward the outside. If they diffuse in any other direction, 
= will have to go a much greater distance and are bound to meet a 

saction partner. The result is that ver y few radicals actually es- 

cape into the solution, and become effectively free, from an alpha 
particle track. The whole effect is to form the molecules, hydrogen, 
and hydrogen peroxide. 

So it seems that what at first sight looked like a real qualitative 
difference in the behavior of water with these two kinds of rays really 
reduces to a question of geometry which is in itself small, but has very 
far-reaching effects in this particular case. 

Representative Price. Does that complete your statement? 

Dr. ALLEN. Yes, sir. 

Representative Price. Are there any questions? 

If our chemist cannot ask any questions on that, I do not think I 
can. 

Thank you very much, Doctor. 


Chairman Durnam. It was a very interesting presentation. 
Dr. Auten. Thank you. 
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(Dr. Allen’s prepared statement follows :) 


RADIATION CHEMISTRY OF WATER 


By Dr. A. O. Allen, chemistry department, Brookhaven National Laboratory, 
Upton, Long Island, N. Y. 


Mr. Chairman, gentlemen of the Congress, ladies and gentlemen, radiation 
chemistry is an extremely broad topic. Radiation many produce chemical 
changes in almost any substance or mixture of substances, and we have poten- 
tially a whole new system of chemistry waiting to be uncovered. In this situ- 
ation the scientist has to decide whether to engage in a broad exploration of 
the effects of radiation on various kinds of systems, or to concentrate on one 
kind in the hope of understanding the nature of the reactions more thoroughly. 
Most of my work has been concentrated on attempts to understand the behavior 
of water, or water solutions of simple substances, when exposed to high-energy 
radiations. Many of the other workers in radiation chemistry also have chosen 
to concentrate in this field. Water is of particular significance in two of the 
most important applications of radiation chemistry, namely, to radiobiology and 
to reactor technology. Since living organisms contain 85 percent water, it has 
been thought that much of the biological effect may result from the action of 
radiation on this water. We who are here today, however, have been motivated 
in our interest in water largely by its use as a coolant and sometimes also as 
a moderator in many of the important types of nuclear reactor. Here the 
water may be exposed to extremely high intensities of radiation. Our goal has 
been to correlate all of the various observations on how water decomposes under 
different kinds of radiation, and how materials dissolved in water may be 
altered, in terms of a picture of the basic steps by which the chemical changes 
occur. This goal has now largely been attained as a result of studies at a 
number of different laboratories, and Dr. Hart and I should like this morning 
to present some of the main results. 

This work involves determining, for different solutions under various condi- 
tions, how much chemical change is produced by any given amount of energy 
put into the material by the radiations. In order to do this we have to know 
precisely how much energy is put in when we expose material to our gamma- 
ray sources or our radiation-producing machines. Measurement of this energy 
input is called “dosimetry” and is a branch of radiation physics. In practice, 
we generally find the energy input by determining the amount of chemical change 
produced in a standard chemical system; but the difficulty is, of course, to 
determine what is the absolute response of the standard system in terms of total 
energy introduced. The standard system used by most radiation chemists is 
a solution of ferrous sulfate which is oxidized to ferric sulfate by the radiation. 
Part of my work has been concerned with the determination of absolute energy 
yields in this reaction for various kinds of radiation and comparison with results 
obtained in other laboratories. This problem is now satisfactorily solved, and 
laboratories all over the world are in good agreement on the absolute value of 
the ferrous sulfate dosimeter. 

The decomposition of water by different kinds of high-energy radiation has 
been studied for half a century, going back almost to the time of the discovery 
of radium. When I first entered this field in 1943, however, the subject was 
still far from thoroughly understood. Alpha rays were known to decompose 
water to its elements, hydrogen and oxygen, and to produce also some hydrogen 
peroxide, H.0.. This behavior was as expected from the action of alpha rays in 
decomposing other simple compounds. On the other hand, X-rays were reported 
not to decompose pure water at all, although in water solutions of various sub- 
stances a great deal of chemical change was produced by X-rays in the dissolved 
substances. . 

The difference in stability of pure water under different kinds of irradiation 
seemed particularly strange, and we performed many experiments to see whether 
the earlier workers might be mistaken. The evolution of decomposition gases 
is affected greatly by slight amounts of impurity in the water, and we had to 
develop special methods of purification to free water from traces of organic mate- 
rial and other impurities. We now know that the early reports were quite right 
and that water sealed up in a closed vessel will indeed show no preceptible change 
when irradiated with X-rays but will decompose under alpha-particle bombard- 
ment. The reason is essentially that the decomposition of water involves forma- 
tion of two different kinds of chemical entities: ordinary molecules of decom- 
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position products, and molecular fragments, called free radicals, which we believe 
have the simple formulas H and OH. Many of these may arise from a simple 
tearing apart of the water molecule HOH as a result of activation by radiation. 
Others may form in a more roundabout way as a result of the ionization proc- 
esses produced by the radiation. Free radicals diffuse through the water after 
they are formed and will seek out molecules of dissolved material and react with 
them, causing the various changes observed in aqueous solutions under bombard- 
ment. The reactions produced in different solutions may be quite various, but in 
each solution the amount of reaction must be related to the amounts of free radi- 
“als, OH and H, produced by the radiation. It isa fascinating job to formulate 
the reaction of these radicals on all the dissolved materials in the proper way, so 
that the amounts of reaction in all the various kinds of solutions studied can be 
related. From this the actual number of free radicals produced by a certain 
amount of radiation can be inferred. Now in pure water, these radicals, finding 
nothing else to react with, will act on the molecular decomposition products, and 
the results of this action will be to convert the decomposition products back to 
water. It seems that with X-rays or gamma rays the number of free radicals 
produced is great enough to convert all the molecular decomposition products 
back to water so that one observes practically no net decomposition of the water. 
With alpha rays, however, the molecules predominate so that a continuing decom- 
position is produced. Thus if water is sealed up in a tube and bombarded with 
alpha rays, gases are generated, build up a pressure and the tube soon ruptures; 
but the same tube can be irradiated indefinitely by X-rays without damage. 

We now ask just how the formation of all these things comes about. The 
answer has been deduced by studying in detail the effects of many different 
kinds of radiation on the amounts of molecular and free radical products pro- 
duced, and the variation of these yields with the concentration of added active 
materials. The picture we now have is about as follows: Initially the sole 
chemical reaction in water as a result of passage of radiation is the formation 
of the free radicals, H and OH. These are produced, however, not uniformly 
throughout the water but grouped together in spots corresponding to the non- 
uniform liberation of energy by radiation passing through matter. With X-rays, 
gamma rays, and other radiations of the light particle variety, the spots contain- 
ing radicals will occur far apart and will develop independently of one another. 
Most of the radicals in such a spot will diffuse into the body of solution, where 
they will react with dissolved materials, but a certain fraction of them will meet 
up with one another before they diffuse away. In this case, being chemically 
very reactive, they will combine with one another in pairs. If unlike pairs 
combine, then H and OH simply return to water and no net reaction has occurred. 
If two like radicals happen to come together, however, they will form molecules 
of either H. or H.0, and these are the molecular decomposition products. Sub- 
sequently, as these products accumulate in the solution, they will be acted on by 
radicals; the resulting reactions decompose the peroxide partially to oxygen and 
water as well as causing combination of the hydrogen with the peroxide and 
oxygen to go back to water. Thus in their subsequent actions the molecules and 
free radicals act as distinct entities, but we believe that originally free radicals 
are the only products, and the molecules are formed by their immediate com- 
bination in spots where they are formed. 

With alpha rays and other heavy-particle radiations, the spots of energy input 
are located closer together, and may actually overlap. Any radical formed in an 
alpha-ray track finds many more others close to it than a radical formed by 
X-rays. The chance of the radicals combining with one another before they 
diffuse away is then greater with the alpha rays; the number of molecular 
products is greater and the number of free radicals available to react with them 
is less. Hence the difference in action of the two kinds of ray, apparently a quali- 
tative distinction, really arises from a mere difference in the geometry of energy 
deposition. 


Representative Price. The next witness is Dr. Edwin J. Hart. Dr. 


fart is a radiation chemist and has been a member of the staff of the 
chemistry division of the Argonne National Laboratory since 1948. 
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STATEMENT OF DR. EDWIN J. HART,’ CHEMISTRY DIVISION, AR- 
GONNE NATIONAL LABORATORY, LEMONT, ILL. 


Dr. Harr. It is a real pleasure, Mr. Chairman, to come before you 
and give you a report on our work. At the Argonne National Labo- 
ratory, our basic program in radiation chemistry deals with the study 
of mechanisms of reactions. But there have been problems that have 
arisen in the operation of reactors that have involved the use of radia- 
tion chemistry. Since Professor Burton and Dr. Allen have discussed 
basic radiation chemistry, I would like to emphasize what we have 
done on the radiation chemistry of water in reactors. 

We have two types of reactors at Argonne. One is CP-5, Chicago 
Pile No. 5, which is a heavy water reactor and operates below the 
boiling point of water. 

The other is an experimental power reactor EBWR, and in this 
power reactor water boils. Our research shows that the radiation 
chemistry of boiling water is quite different from the radiation chem- 
istry of unagitated water. We do not like to have the water decom- 
pose in our reactor. When water decomposes, it liberates hydrogen 
and oxygen ina ratio of 2to1. This mixture explodes if it is ignited. 

In the boiling water reactor, engineers do not like to have oxygen 
as a product because it corrodes the turbines. So you do see that 
it is quite important to stabilize the water in our reactors. 

At one time the reactor engineers thought they had to have the 
water very pure, and if the water was not absolutely pure they would 
run into trouble. However, in connection with the control of reactors, 
it was suggested that they use boron and cadmium to control these 
reactors, but they were afraid to put these neutron absorbers into 
the water because of ensuing water decomposition. Basie informa- 
tion was needed. 

Chart 4 (p. 136) summarizes many of the properties of irradiated 
water. This material comes not alone from our work at Argonne, but 
from research at Brookhaven, at Oak Ridge, and from the general 
pool of knowledge going back half a century. At present we know 
that water remains stable if it is statically irradiated by gamma rays 
and that water is decomposed by boiling irradiations. The experi- 
mental proof of these two statements is presented in chart 1. 


1 Born in Port Angeles, Wash., in 1910, Dr. Hart received the B. S. and M. S. degrees 
from Washington State College in 1931 and a Ph. D. degree from Brown University in 
1934. His doctorate was taken with Dr. W. A. Noyes, Jr., on a problem in photochemistry. 
Between 1934 and 1936, he worked at the Long Island Biological Laboratory with Dr. Hugo 
Fricke where the chemical effects of X-rays on water solutions were studied. From 1936 
to 1948, he did research on the mechanisms of oxidation and vulcanization of rubber at 
the United States Rubber Co.’s general development laboratory in New Jersey. He was 
married in 1939 and has three children. He has carried out radiation chemistry research 
at the Argonne National Laboratory since 1948. 
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On this chart, the amount of gas liberated is plotted on a vertical 
axis and the time that we have our sample in a reactor is given on 
the horizontal axis. Pure static water shows no decomposition in 
the pile. (See the arrow pointing to the time axis.) The pile radi- 
ation, as you know, consists of gamma rays, some electrons, and many 
neutrons. Still the water shows no decomposition. 

On chart 2 is the chemist’s approximation to a boiling water reac- 
tor. In this glass cell, we have pure water. We pass pure carbon 
dioxide through this water to insure uniform boiling. And we boil 
the water while we are irradiating it with a very powerful cobalt 
source. The gamma rays irradiate the water and as the bubbles of 
carbon dioxide rise in this solution they take the hydrogen and 
the oxygen out of the water. The shaded areas indicate that the 
water has been depleted of hydrogen and oxygen near each bubble. 
So by bubbling or boiling the water, we take out all of the hydrogen 
and oxygen that is formed during irradiation. The continuous de- 
composition is shown by the bubbling water curves of chart 1. 

I mentioned that the reactor engineers would like to put boron and 
various impurities in their water. We found that if we added one 
hundred parts per million of boron to the water in the reactor, still 
the water does not decompose. (See chart 1.) 
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CHaRrT 4. 
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On the other hand, if we add 550 parts per million of boron, the 
water decomposes in the same way that it does when it is irradiated by 
answer this question by studying the effect of concentration of boron 
in the solution. And now on chart 3 the rate of gas evolution is 
plotted as a function of parts per million of boron in the water. 

The center curve is for pure water. We can add up to 220 parts 
per million of boron in our water before it decomposes. More boron 
causes the water to decompose. If we add cadmium sulfate, another 
poison for neutrons, to the water, it becomes more stable. We find 
that this curve has shifted to the right and the more cadmium we 
put in the solution, the more stable the water becomes. 

I{fydrogen gas also stabilizes water; 1.4 parts per million of hydro- 
gen—just a very small amount—prevents decomposition. Under: 
stand, these results are obtained for static irradiations. 

I have just described means of stabilizing water. Dr. Allen stated 
that alpha particles alone will decompose water (chart 4). This 
occurs in the absence of any other type of radiation. 

Boric acid contains boron. ‘The boron absorbs neutrons and when 
it does, the boron atom explodes. If it explodes in the water, the 
water decomposes. We wanted to know why. The chemist tries to 
alpha particles. So in the reactor we have the remarkable situation 
that as we increase the amount of boron in the solution, we add more 
of the radiation that causes water to decompose. Since we keep the 
amount of pile radiation constant as we add boric acid, we reach a 
boric acid concentration that will decompose water (see the knee in 
the water curve of chart 3). 

There is a type of impurity, however, that one must avoid. Potas- 
sium iodide is a member of this group. Even boron-free water de- 
composes with potassium iodide in it if it is exposed to gamma rays. 
(See chart 3.) 
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At 17 parts per million and lower, water contaminated with potas- 
sium iodide decomposes. However, everything is not bad about potas- 
sium iodide solutions. We have used these solutions to measure the 
amount of radiation energy that the water absorbs. The decomposi- 
tion curve for potassium iodide rises and falls as the flux in the reactor 
increases or decreases. If we measure the amount of decomposition 
in water that has no added boron, we obtain a measure of the gamma 
flux. If we put boron in the solution, we can measure the sum of the 
gamma and neutron fluxes. 

As a result of the large background of knowledge on radiation 
chemistry, we can explain the above facts on the basis of the theory 
Dr. Allen presented. The water is stabilized by static irradiation, by 
y-rays, by cadmium sulfate and hydrogen because we have extra hy dro- 

gen and hydroxyl!-free radicals. However, the water is decomposed 
by boiling, by «-particles, by boron and by potassium iodide because 
we genel rate excess hydrogen peroxide by the radiations. The reaction 
that leads to the stabilization of the water is simply a reaction pro- 
moted by hydrogen and hydroxy] free radicals. 

This mechanism was first proposed by Dr. Allen some 10 years ago. 
It accounts very beautifully for the stabilization of water. The de- 
composition products of water are hydrogen and the oxygen. It is 
these products in the water that lead to detonating mixtures of 
hydrogen and oxygen and corrosion of turbines. 

We showed how it is possible to add hydrogen to the water to make 
it more stable. But if you take hydrogen out of the water as we do 
in this boiling water system, you lower the concentration of hydrogen 
and the w ater decomposes. Adding hydrogen is beneficial, removing 
it is detrimental. 

I want to conclude by saying that reactor engineers have been 
utilizing information of this type in attempts to reduce the amount 
of water decomposition that they have in their boiling water re- 
actor. We hope that it will be to levels where the oxygen will no 
longer corrode the turbine. 

While the processes ths at I have been discussing have been largely 
of a practical nature. nevertheless we have gained new knowledge i in 
basic radiation chemis try as a result of these reactor studies. We 
are wondering now how far boiling water irradiation studies will 
advance us in this field of radiation chemistry. 

Representative Prick. Thank you very much, Doctor. That was 
a very interesting presentation. 

Are there any questions? If not, thank you. 

Dr. Harr. Thank you. 

Representative Price. I think you answered Mr. Durham’s ques- 
tion 

(The prepared statement of Dr. Hart follows:) 


BEHAVIOR OF WATER IN REACTORS * 


By Dr. Edwin J. Hart, Chemistry Division, Argonne National Laboratory, 
Lemont, Ill. 


Our research reactor at Argonne, CP-5, and our boiling waterpower reactor, 
EBWR, depend on water for their operation. CP-5 operates below the boiling 
point of water and the water does not decompose. In EBWR, the water boils 


' Based on work performed under the auspices of the U. S. Atomic Energy Commission. 
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violently and decomposes to a slight extent (1). It is important to minimize 
water decomposition in these reactors since a detonating mixture of hydrogen 
and oxygen results. Besides, oxygen in the steam corrodes the turbine. My 
purpose is to discuss some of the radiation chemistry processes taking place 
in water under irradiation. 

Pile radiations consisting of y-rays and neutrons do not decompose pure non- 
boiling water (2, 3, 4, 5). We see this from chart 1 which gives the ce. of 
gas liberated/liter of water for various irradiation times. The data for pure 
water falls on the horizontal axis (see arrow). Since no gas is liberated, we 
conclude that water does not decompose over the irradiation period indicated. 

But bubbling or boiling water does decompose when irradiated by Co” y-rays 
(6). Hydrogen and oxygen are continuously formed when carbon dioxide is 
bubbled through the y-ray irridiated water. See the hydrogen and oxygen curves 
on chart 1 (p. 133). For these two curves, the y-ray energy absorbed in the 
water is equal to the energy absorbed in the indicated time in the reactor. Our 
bubbling water irradiation cell is shown in chart 2 (p. 134). Here pure carbon 
dioxide enters the water at the bottom of the cell. As the bubbles rise through 
the solution, they collect hydrogen and oxygen. These gases and steam exit 
through the tube at the top. We shall answer the question, “Why bubbling or 
boiling irradiated water decomposes?”, presently. 

In contrast to the action of y-rays and pile radiations, heavy particle radia- 
tions such as a-rays and recoils from the B® (n, a) Li’ reactions decompose pure 
water (2). Somewhat surprisingly, water with dissolved boron does not de- 
compose in the reactor until 220 p. p. m. of boron are added. 

Chart 1 shows that water having 100 parts per million (p. p.m.) of added boron 
is as stable as pure water but we also note that water with 550 p. p. m. of boron 
continuously liberates hydrogen with an appreciable yield. Whether or not 
boron solutions decompose depends in fact on the amount of boron added to 
the water. In chart 3 (p. 135) the rate of decomposition is plotted against the 
amount of boric acid for irradiations carried out in our previous heavy water 
reactor, CP-3’. Note that no decomposition sets in until 220 p. p. m. of boron 
are added. Above this amount, the water decomposition increases with increas- 
ing content of boric acid. We shall see that a delicate balance between the 
stabilizing radiations (y-rays) and the decomposing radiations (boron recoils) 
exists at 220 p. p. m. of boron. 

In running a reactor, a safe rule is to use absolutely pure water. While pure 
water is desirable, it is not essential as far as water stability is concerned be- 
cause we have just seen that pile water can tolerate a large amount of boron. 
One can add other impurities too. Chart 3 shows the effect of added hydrogen, 
cadmium sulfate and potassium iodide. Of these three, only the potassium 
iodide decomposes water. The increase in water stability by cadmium is evident 
from chart 3 by the fact that the “cadmium” curve is to the right of the “water” 
curve already discussed. This means that more boron can be added to “cadmium 
solutions” than to “water” alone, before decomposition sets in. While the 
stabilizing effect of cadmium is appreciable, the effect of 1.4 p. p. m. of hydrogen 
is truly remarkable. No decomposition occurs at 1,250 p. p. m. of boron. (See 
chart 3.) 

Radiation chemists explain these results by their free radical theory of water 
radiolysis: All radiations decompose water into hydrogen (H:.), and hydrogen 
peroxide (H.0.), hydrogen atoms (H), and hydroxyl radicals (OH). 

y-rays and pile radiations produce more H and OH than H: and H:0:. On the 
other hand, the heavy a-particles and the remnants of the boron disintegration 
reaction produce much more H: and H,0, than H and OH. We find that an im- 
portant general principle is: Radiations or combinations of radiations yielding 
a sufficient excess of free radicals will combine H2 and H:O, to re-form water. 
The net reaction is: 

H.+ H:0.—2H.0. ( 1 ) 


This important principle is confirmed by charts 1 and 38. In chart 1, we see that 
pile irradiated water containing 100 p. p. m. of boron does not decompose. How- 
ever this boron solution will decompose under irradiation conditions giving only 
the a-particle and lithium recoils. The y-ray flux is vital to the stability of 
borated water in the reactor and chart 3 shows the quantitative features. You 
ean add up to 220 p. p. m. of boron before the water decomposes. (See the 
“water” curve.) At 220 p. p. m. of boron, the H and OH radicals created by the 
boron recoils and the pile radiations are just able to recombine all of the H: and 
H.0. formed. As we increase the boron content of the water, we form too much 
H, and H.0, to be recombined by the radicals. Thus the water decomposes. 
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Whereas pile irradiated water containing boron becomes more susceptible to 
decomposition, cadmium stabilizes the water so that it can tolerate more boron. 
The Cd’” (n,y) Cd™* reaction increases the y-ray flux in the reactor. Thus, rela- 
tively more free radicals than H: and H.O:2 are generated by adding cadmium 
sulfate to the water. 

Far from being unstable to pile radiation, nonboiling pure pile water has a 
high inherent capacity to resist decomposition. We can estimate this excess 
combining capacity from Chart 3. To do this, extend the straight “water” line 
(see dotted line) until it intercepts the vertical decomposition axis. At this 
point we find that the recombining rate (negative decomposition rate) is 0.75 
ec./1.min. This means that this quantity of He and an equivalent amount of 
H.O: can be continuously added to pure pile irradiated water before decomposi- 
tion setsin. Pure pile water is, therefore, very stable. 

Hydrogen is by far the most effective water decomposition preventative known. 
Chart 3 shows us that 1.4 ppm will prevent the decomposition of a 1,250 ppm boron 
solution. In this case, water is stabilized by specifically increasing the H atom 
concentration at the expense of OH radicals (7). The reaction is: 


H.+OH=H-+H.0. (2) 
The new H atom reacts with H.O: by the reaction: 


With excess H:, this new OH radical repeats reaction (2) and a chain recom- 
bination reaction takes place. The sum of these chain reactions, (2) and (3), 
is simply reaction (1), the reformation of water. 

While impurities such as hydrogen and cadmium stabilize pile irradiated water, 
halides in general, and iodides in particular are substances to avoid. These 
compounds are extremely effective in promoting water decomposition. In fact, 
the higher the y-ray flux the more the decomposition. These iodide ions obstruct 
the recombination reaction (1) by lowering the concentration of free radicals. 
These iodide ion reactions are (4,8) : 


r+OH=I+0H (4) 
I+H=I+H". (5) 

The net reaction is the formation of water from the free radicles 
H+OH—H.O (6) 


From our general principle, we predict an increase in water decomposition as the 
free radical concentration is lowered. Even y-rays with their high fraction of 
free radicals decompose iodide solutions. 

We have made the most of this undesirable property of iodide solutions (9). 
Aqueous iodide gas evolution dosimeters are the result. These dosimeters, with 
and without added boron, are excellent for measuring high dosages of y-rays and 
neutrons. 

Adding hydrogen stabilizes water but taking hydrogen out of irradiated water 
decomposes it. In EBWR, water boils and efficiently strips out hydrogen. 
Thus the water decomposes. When the water becomes depleted in hydrogen, the 
radicals react now only with the H,O, left in the solution. The net reaction is: 


H:0.= H.0 A 1 /202. 


The overall result is a detonating mixture of two H. molecules per oxygen 
molecule as given by the equation: 


2H.0=2H2+0:. 

The prominent factors involved in the decomposition of pile irradiated water 
are summarized in chart 4 (p. 186). Water is stabilized by static irradiation, 
y-rays, cadmium, and hydrogen because of excess H and OH free radicals. 
Irradiated water is decomposed by a-particles, by boron, and by iodide ions 
because of excess hydrogen peroxide relative to free radicals. 

While we cannot eliminate water decomposition entirely, reactor engineers 
provided with this knowledge of the radiation chemistry of water are cutting down 
the oxygen in the steam to amounts that will not corrode the turbines. 


BIBLIOGRAPHY 


(1) W. H. Zinn, H. Lichtenberger, M. Novick, G. H. Whitham, C. J. B. Zitek, 
J. G. Feldes, V. C. Hall, Jr., and R. O. Haroldsen. Operational Experience with 
the Borax Power Plant. Nucl. Sci. and Eng. 1, 420 (1956). 

23103—58——_10 














140 PHYSICAL RESEARCH PROGRAM 


(2) E. J. Hart, W. R. McDonell and §8. Gordon, The Decomposition of Light 
and Heavy Water-Boric Acid Solutions by Nuclear Reactor Radiations. Proc. 
of the International Conference on the Peaceful Uses of Atomic Energy, 7, 593 
(1956). 

(3) A. O. Allen, A Survey of Recent American Research in the Radiation 
Chemistry of Aqueous Solutions. Proc. of the International Congress on the 
Peaceful Uses of Atomic Energy 7, 513 (1956). 

(4) A. O. Allen, Radiation Chemistry of Aqueous Solutions. J. Phys. Colloid 
Chem., 52, 479 (1948). 

(5) A. O. Allen, C. J. Hochanadel, J. A. Ghormley, and T. W. Davis, Decompo- 
sition of Water and Aqueous Solutions Under Mixed Fast Neutrons and Gamma 
Radiations. J. Phys. Chem., 56,575 (1952). 

(6) S. Gordon and E, J. Hart. Radiation Decomposition of Aqueous Solutions 
During Bubbling. Abstracts, ACS Meeting, Miami, April 7-12 (1957). 

(7) S. Gordon, W. R. McDonell, and E. J. Hart, Isotopic Effects in the Gamma 
Ray Induced Recombination of Hydrogen and Hydrogen Peroxide in Aqueous 
Solution. Preprint 141 of the Nuclear Eng. and Science Congress, Cleveland, 
Dec. 11-17 (1955). 


(8) E. J. Hart, Chemical Effects of Ionizing Radiations on Aqueous Solutions. 
J. Chem. Educ., 34, 586 (1957). 


(9) E. J. Hart and §. Gordon, Gas Evolution for Dosimetry of High Gamma, 
Neutron Fluxes. Nucleonics 12, No. 4, 40 (1954). 

Representative Price. The next witness is Prof. John E. Willard, 
who has taught and done research at the University of Wisconsin for 
the last 20 years. While on leave from the university during World 
War II, he contributed to the plutonium chemistry efforts at the Uni- 
versity of Chicago Metallurgical Laboratory and at the Hanford 
Engineer Works in the State of Washington. In collaboration with 
his students at the University of Wisconsin, he has done research on 
the mechanisms of chemical reactions initiated by nuclear processes, 
ionizing radiation, light, and heat, and on the applications of radio- 
isotopes to chemical studies. He is an internationally recognized 
authority in the field of hot-atom chemistry, which he will discuss 
at thistime. Professor Willard. 


STATEMENT OF DR. JOHN E. WILLARD,’ PROFESSOR OF CHEMISTRY, 
UNIVERSITY OF WISCONSIN 


Dr. Witiarpv. Mr. Chairman and members of the committee, ap- 
preciating that the hour is a little late I will try to confine my re- 
marks to 10 minutes. 

The first three speakers on today’s session have discussed phenomena 
which involve only the nuclei of atoms. The next three have de- 
scribed chemical processes which do not involve the nuclei. I shall 
describe investigations of chemical reactions which occur because cer- 
tain nuclear events endow atoms with high energy. This chemical 
activation is more violent than that produced by other means and 
results in types of chemical reaction previously unknown. The goal 


1 Born in Oak Park, IIl., in 1908, received the B. S. degree from Harvard and the Ph. D. 
from the University of Wisconsin. He has taught at Avon School, Haverford College, 
and, since 1937, at the University of Wisconsin. While on leave from Wisconsin from 
1942-46 he served on the atomic energy project as associate section chief of the plutonium 
chemistry division and director of the pile chemistry division at the metallurgical labora- 
tory of the University of Chicago; and supervisor of the chemistry division of the Hanford 
Engineer Works at Richland, Wash. Among other activities he has served as chairman 
of the executive board of the Council of Participating Institutions of the Argonne National 
Laboratory, a member of the visiting committee of the chemistry division of the Brookhaven 
National Laboratory. He has done research on the mechanisms of chemical reactions 
initiated by nuclear processes, ionizing radiation, light and heat, and on the applications 
of radioisotopes to chemical studies. In addition he has written several reviews dealing 
with hot-atom chemistry, the most recent being Making Labeled Compounds—Chemical 
Effects of Nuclear Transformations, Industrial and Engineering Chemistry, February 1958. 
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of this research is to obtain a detailed understanding of the unique 
steps by which the energetic atoms react. 

The model, which I have here, represents a molecule of the com- 
pound propyl! bromide, magnified about 100 million times. It is com- 
posed of 3 atoms of carbon, 7 atoms of hydrogen, and 1 atom of bro- 
mide, held together by chemical bonds. In a bottle of liquid normal 
propyl bromide standing at room temperature each molecule retains 
its integrity as it moves in and out among other molecules. If suffi- 
cient energy is added to the system, however, chemical bonds may be 
broken, as in the model, and new and different molecules may be 
formed as the fragments combine with each other. The energy to 
induce such chemical change may be furnished to the system by : rais- 
ing the temperature, which makes the molecules collide with each 
other with greater energy or by the absorption of light which increases 
the energy of the electrons and the vibrations of the atoms within the 
molecules; or by ionizing radiation which produces ionized and excited 
electronic states. In all of these methods of activation, the nucleus 
of the atom is involved only as a bystander. A nuclear transforma- 
tion such as, for example, the capture of a neutron may, however, im- 
part kinetic energy or electrical charge to an atom which will cause 
it to break both its parent chemical bond and bonds in surrounding 
molecules. Such a nuclear process is illustrated on the first chart, 
which shows a stable isotope of bromine, ;;Br*', capturing a neutron 
to produce a new bromine atom of one higher atomic weight. In the 
process a gamma ray is emitted which has the effect of a bullet leaving 
a gun; it gives the ;,Br*? atom a strong recoil kick, i. e., a kinetic energy 
which may be a hundred times greater than the ener ey necessary to 
break a chemical bond. There is evidence that the nuclear process 
also strips electrons from the atom leaving it positively charged. This 
atom is “hot” in that it has energy far greater than the average energy 
of the surrounding atoms. It is also unique in that the addition of 
the extra neutron has made it radioactive; therefore, it can be distin- 
guished from other bromine atoms and detected in small amounts. 
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CHART 1.—Examples of nuclear processes which produce chemically reactive 
atoms. 
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Such atoms, which are activated and tagged at the same time, allow 
us to identify the products formed by high- energy atoms after loss 
of their excess energy. By determining what these compounds are 
for different nuclear reactions, occuring in various media, we can 
learn more of the details of the mechanisms by which high-energy 
atoms react. Many nuclear reactions are useful for this purpose ; 
some produce an isotope of the parent atom, as in the case of the 
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CHART 2.—Mass of propyl bromide molecules referred to in text in discussion of 
caging effects and scavenger effects. 
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i CHART 3.—Some ways in which a “hot” bromine atom may react with propyl 
bromide. 


: 
Br*(n,y) Br* process, and some such as He*(n,p) H® and N**(n,p)C™* 
involve transmutation. 





What might we expect to happen when a bromine atom in a mass 
: of propy] bromide molecules, such as illustrated on chart 2, captures 
: a neutron? One of the possibilities, illustrated at the left of chart 35 
) is that it will abstract a hydrogen atom thereby forming a hydrogen 
bromide molecule and a propyl radical. 


—— 
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This is a common type of reaction even for bromine atoms with 
much lower energy than those from the neutron capture process. A 
second possibility (chart 3) is a displacement reaction in which the 
Br* atom becomes bound to one of the carbon atoms in place of a 
hydrogen atom which is ejected. As far as is known bromine atoms 
liberated by heat or light cannot initiate such displacement processes 
but we have found that both hydrogen atoms and larger portions of 
a molecule, such as CH, groups, can be displaced when activation is 
by a nuclear process. These first two types of reactions may be classed 
as relatively gentle. When a newly born “hot” atom with high 
energy collides with neighboring molecules it appears that a frag- 
mentation process such as illustrated at the right of chart 3 must often 
occur. By rupturing a number of neighboring molecules in this 
fashion the “hot” atom becomes sufficiently reduced in energy so that 
it can form stable chemical bonds. It may then combine immediately 
with one of the variety of molecular fragments it has formed, or, if it 
escapes this fate, it may attack a propyl bromide molecule by an 
abstraction or displacement process. Some of the recoil atoms become 
“cooled” without entering chemical combination. Such an atom may 
diffuse among the propyl bromide molecules until it encounters a 
diffusing molecular fragment (formed in one of its earlier collisions) 
with which it cag easily combine. The existence of such diffusive 
reactions was discovered by the use of a “scavanger.” Prior to neu- 
tron irradiation, elemental bromine (Br,) was added at very low 
concentration to liquid compounds such as propyl bromide. It caused 
a large decrease in the number of the Br** atoms which were found in 
organic combination (that is attached to carbon atoms). This can 
only be explained on the assumption that the added Br, molecules 
react with the diffusing fragments and Br** atoms, thus preventing 
them from reacting with each other. In such tests the scavenger is 
present at such low concentration it cannot interfere with those Br** 
atoms which enter stable combination without undergoing many dif- 
fusive collisions with molecules of the medium. Since scavengers only 
affect the fate of less than 50 percent of the Br*? atoms, it must be 
concluded that the remainder enter stable combination by “hot” proc- 
esses, that is without extensive diffusion. 

Thus far our discussion has been concerned with reactions in liquids 
where the molecules are closely packed, as illustrated in chart 2. The 
close packing slows down diffusion and favors reaction of the tagged 
recoil atom with molecular fragments it has just formed that is a 
Br® and a molecular fragment may be confined together in a cage of 
surrounding molecules. We have made quantitative studies of the 
effectiveness of this cage for certain reactions initiated by light. We 
have also found evidence that for atoms activated by neutron capture 
it increases with the size of the surrounding molecules, being greater, 
for example, for reactions in decane (C,.H2,) than in pentane (C;H,2). 
It decreases as the temperature increases, since this increases the space 
between the molecules and the speed of diffusion. 

One of the most unexpected results of these studies was the discovery 
of a wide variety of displacement reactions, such as that illustrated in 
the center of chart 3, wherein a recoil « atom (or ion) can displace 
atoms or groups of atoms for molecules. These seem to be a type 
of chemical act not heretofore known. Such reactions were first ob- 
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served in experiments of the kind depicted in chart 4. When ele- 
mental iodine (I,) containing some of the radio active istope with 
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CHaArT 4.—Experiment which showed that atoms activated by neutron capture 
have unique ability to displace hydrogen from hydrocarbons. 


— > NO REACTION 


8-day half life (I’*), is illuminated with intense light in the presence of 
gaseous methane, no reaction occurs. The iodine atoms (I) formed by 
the light (I.—>I+1) are incapable of either abstracting or displacing 
hydrogen to form HI or CH,I. If, however, the gaseous mixture of 
CH, and I, is exposed to neutrons half of the I? atoms (or ions) 
formed by the I’**I*?+n—-1*7+]" reaction displace hydrogen from 
methane by a reaction of the type I7°+ CH,->CH,I?*+ H, and still 
none of the I’** atoms produced by light react. It must be concluded 
that the kinetic energy, or electrical charge, or both, with which the 
I’ is born endow it with a unique chemical reactivity. Because the 
reaction occurs in the gas phase where the molecules are so far apart 
that there can be no caging effects, and because it takes place in the 
presence of scavengers one is certain that it cannot occur by the com- 
bination of the I atoms with molecular fragments. It must be a 
displacement reaction. This conclusion is further substantiated by 
the fact that I’ atoms liberated in the system by light, simultaneously 
with the I**8, do not react. The I? and I may be easily distin- 
guished from each other by their half lives, which are 25 minutes and 
8 days respectively. 

We have now observed much more complex displacement reactions 
than that of iodine with methane. For example Cl*®* atoms newly 
formed by the Cl**(n,y) CL® process can attack propyl chloride mole- 
cules (C;H;Cl) in such ways as to form many different compounds. 
There is some reason to think that such reactions may be reactions of 
ions such as Cl* rather than of neutral atoms. 
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IDENTIFIGATION OF PRODUCTS OF THE Br®'(n,7)Br°* 
REACTION IN n-CyHyBr PLUS S MOLE % Br, 
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CuHart 5.—Gas chromatogram showing substances detected by radioactivity and 
by heat conductivity. 


Adaptation of the technique of gas chromatography to the separa- 
tion and identification of trace amounts of radioactive compounds has 

made it possible to investigate readily the multiplicity of products 
formed by radioactive recoil particles. Each of the 15 or more peaks 
shown by the solid line of chart 5 indicates a different chemical com- 
pound containing Br* formed by the reaction of recoil atoms in 
propyl bromide. ~The analysis was made by vaporizing a drop of the 
irradiated liquid in a flowing gas stream which passed through a gas 
chromatography column followi ing which it flowed past a scintillation 
counter which registered a peak on a chart recorder to show each radio- 
active component. The larger peaks are caused by only about 10-% 
grams of the radioactive m: terial, an amount so small that it can be 
detected only by its radioactivity. To identify the compounds repre- 
sented by such peaks, suspected compounds are added to the drop to be 
analyzed in amounts which can be detected by changes in the heat 
conductivity of the flowing gas stream, and these changes are recorded 
by asecond pen on the chart recorder. Thus on chart 4 where a dotted 
line peak for a known compound detected by heat conductivity super- 
imposes on a solid line peak caused by a radioactive coelagelind, it 
serves to identify the latter. 

Such detailed chromatograms are excellent “fingerprints” for a reac- 
tion mechanism. If two nuclear processes produce the same finger- 
print it is strong evidence that the chemical mechanisms are the same. 
Likewise comparisons of the chromatograms for the same process car- 
ried out in the gas, liquid, and solid phases furnishes evidence on 
whether the difference in proximity of the molecules to each other in 
the different phases affects the mechanisms of reaction. 

The minute amounts of radioactive compounds formed by the recoil 
processes are potentially valuable as tracers in research and develop- 
ment if the pure species can be separated from the complex mixtures 


in which they occur. The gas chromatographic technique makes this 
possible. 
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(A bibliography submitted by Dr. Willard follows :) 


BIBLIOGRAPHY OF WorK IN Hor ATOM CHEMISTRY AND RADIATION CHEMISTRY 
SUPPORTED BY THE UNIVERSITY OF WISCONSIN, UNITED STATES ATOMIC ENERGY 
ComMMISSION ContTRAcT AT (11-1)-32 


A. REVIEW ARTICLES 


1. Chemical Effects of Nuclear Transformations, J. E. Willard, Ann. Rev. Nucl. 
Sci. (1953). 


2. Radiation Chemistry and Hot Atom Chemistry, J. E. Willard, Ann. Rey. Phys. 
Chem. (1955). 

3. Chemical Effects of Nuclear Transformations and Their Use in Making Lab- 
eled Compounds, J. B. Evans, J. E. Quinlan, and J. E. Willard, Ind. and Eng. 
Chem., scheduled for February 1958. 


B. ARTICLES REPORTING RESEARCH RESULTS 


1. Some Effects of Temperature, Phase, and Nature of Chemical Species on Halo- 

gen Atom Reactions Initiated by Radiative Neutron Capture and by Isomeric 

a an a S. Goldhaber, R. 8S. H. Chiang, and J. E. Willard, J. Am. Chem. Soc., 
3, 2271 (1951). 

2 Some Reactions of Elemental Bromine, Hydrogen Bromide and Szilard- 

Chalmers Bromine with Ethylene Bromide, G. Levey and J. E. Willard, J. Am. 

Chem. Soc., 73, 1866 (1951). 

3. Evidence on the Elementary Reactions of Halogens Activated by Radiative 

Neutron Capture in Ethyl Halides and in Hydrocarbons, 8. Goldhaber and J. E. 

Willard, J. Am. Chem. Soc., 74, 318 (1952). 

4, The Influence of Structure, Phase and Added Iodine on the Organic Yields of 

the I™ (n, gamma) I’* Reaction in Alkyl Iodides, G. Levey and J. E. Willard, 

J. Am. Chem. Soc., 74, 6161 (1952). 

5. Evidence of partial Failure of the Br” Isomeric Transition to Rupture Carbon- 

Bromine Bonds, R. 8S. H. Chiang and J. E. Willard, J. Am. Chem. Soc., 74, 6213 

(1952). 

6. Effect of Density in the Region of the Critical Temperature on the Chemical 


Products of the Br” (n, gamma) Br” Reaction on Bromotrifluoromethane, 
W. E. Rice and J. E. Willard, J. Am. Chem. Soce., 75, 6156 (1953). 


7. Effect of Bromine Concentration on the Products of the Reactions of Carbon 
Tertachloride with Bromine Activated by Radiative Neutron Capture and by 
Isomeric Transition, J. F. Horning and J. E. Willard, J. Am. Chem. Soc., 75, 461 
(1953). 

8. The influence of Structure, Phase and Added Chlorine on the Organic Yields 
of the Cl" (n, gamma) Cl* Reaction in Alkyl Chlorides, J. C. W. Chien and J. E. 
Willard, J. Am. Chem. Soc., 75, 6160 (1953). 

9. Housing for Co” Gamma-Ray Source for Experimental Work, R. F. Fire- 
stone and J. B. Willard, Rev. Sci. Instr., 24, 904 (1953). 


10. Photochemical Reactions in the System Methyl Iodide-Iodine-Methane; 
The Reaction C“H;+CH.>C“H.+CH;, G. M. Harris and J. E. Willard, J. Am. 
Chem. Soc., 76, 4678 (1954). 

11. Isomer, Neutron Energy and Radiation Dosage Effects on Reactions Acti- 
vated by Radiative Neutron Capture in Organic Bromides, J. C. W. Chien and 
J. E. Willard, J. Am. Chem. Soc. 76, 4735 (1954). 

12. The Effect of High y-Radiation Doseage on the Organic Yields of Br.” 
Br.” and Br.” Produced by the (n.y-) Reaction in n-Propyl Bromide, J. C. W. 
Chien and J. E. Willard, J. Am. Chem. Soc., 77, 3441 (1955). 

13. Comparison of the Organic Products from the Br®™ (4.4 hr.) LT., Br® 
(18 min.) Process in the Propyl Bromides with Those from the Br” (ay) Br.” 
Process, G. Levey and J. E. Willard, J. Am. Chem. Soc., 78, 2351 (1956). 

14. Cryostat for Spectrophotometric Measurements, T. O. Jones and J. EB. Wil- 
lard, Rey. Sci. Instr., 27, 1037 (1956). 

15. Reactions of Methane with Iodine Activated by Radiative Neutron Capture. 
II, G. Levey and J. E. Willard, J. Chem. Phys., 25, 904 (1956). 

16. Use of Gas Phase Chromatography for the Separation of Mixtures of Car- 
rier Free Radioactive Substances: Products of Chemical Reactions Activated by 








PHYSICAL RESEARCH PROGRAM 147 


Nuclear Processes, J. B. Evans and J. B. Willard, J. Am. Chem. Soc., 78, 2908 
(1956). 


17. Studies of I Atom and Br Atom Recombination Following Flash Photolysis 


of Gaseous I. and Br, R. L. Strong, J. C. W. Chien, P. E. Graf, and J. BE. Willard, 
J. Chem. Phys, 26, 1287 (1957). 


18. Primary Quantum Yield for the Dissociation of Iodine Molecules in Carbon 
Tetrachloride Solution and the Rate Constant for the Recombination Reaction, 
R. L. Strong and J. E. Willard, J. Am. Chem. Soc., 78, 2098 (1957). 


19. Effects of Structure, Product Concentration, Oxygen, Temperature and Phase 
on the Radiolysis of Alkyl Iodides, E. O. Hornig and J. E. Willard, J. Am. Chem. 
Soc., 79, 2429 (1957). 

20. Quantitative Treatment of the Elementary Processes in the Radiolysis of 


Alkyl Iodides, R. J. Hanrahan and J. E. Willard, J. Am. Chem. Soc., 78, 2434 
1957). 
21. Rate Constants for the Recombination of Iodine Atoms in Liquid Hexane and 


Decane; Temperature Coefficient for the Recombination in Carbon Tetrachloride, 
S. Aditya and J. E. Willard, J. Am. Chem. Soc., 79, 2680 (1957). 


22. Evidence on Mechanisms of Halogen and Tritium Recoil Labelling Reactions, 
A. A. Gordus, M. C. Sauer, Jr. and J. E. Willard, J. Am. Chem. Soc., 79, 3284 
(1957). 

23. Hydrogen Labelling of Hydrocarbons Using Ionizing Radiation, R. W. Ahrens, 
M. C. Sauer, Jr. and J. E. Willard, J. Am. Chem. Soc., 79, 3285 (1957). 


24. Halogen Atom Reactions Initiated by Nuclear Processes in Hydrocarbon Solu- 
tions, 8S. Aditya and J. E. Willard, J. Am. Chem. Soc., 79, 3367 (1957). 

25. Gas Phase Reactions Activated by Nuclear Processes, A. A. Gordus, and J. E. 
Willard, J. Am. Chem Soc., 79, 4609 (1957). 


26. The Effect of Bromine Scavenger on the Yields of Individual Organic Products 
of the Br® (n, a) Br” Process in Propyl Bromides, J. C. W. Chien and J. E. Wil- 
lard, J. Am. Chem. Soc., 79, 4872 (1957). 

27. Effects of Phase on Reactions Induced by Radiation in Organic Systems, T. O. 
Jones, R. H. Luebbe, Jr., J. R. Wilson and J. BE. Willard, J. Phys. Chem., in press. 
28. The Radiolysis of Bromotrichloromethane, R. F. Firestone, Ph. D. thesis, 
University of Wisconsin, 1954. 


29. The Radiolysis of Normal Propyl Bromide, R. J. Neddenriep, Ph. D. thesis, 
University of Wisconsin, 1957, available from University Microfilms, Ann Arbor, 
Michigan. 

Representative Price. Thank you very much, Doctor. 

Are there any questions? 

If not, I would like to ask one question that applies to all basic 
research. Since it is basic and fundamental, is there a paper from 
which you can draw throughout the world on some of these studies in 
the way of exchange of information ? 

Dr. Witiarp. Yes. In all of the areas spoken of this morning, 
this is true. Work is going on in many countries in this world. In 
this particular area I have been speaking of, there is considerable work 
going on in England, work in other laboratoriés in this country, and 
to a lesser extent in other laboratories around the world. 

Representative Price. Do you find that the scientists in basic re- 
aa are working pretty much in the same areas ? 

Dr. Wixtarp. There are many, many different areas of basic re- 
search pursued by different individuals. In any given area of basic 
research, there is apt to be activity in many different laboratories. 

Chairman Duruam. It is applicable in photosynthesis and such 
types of research as that? 

Dr. Wittarp. The study of the field of photosynthesis makes use 
of radioactive carbon as a tracer as a very powerful tool. 

Chairman DurHam. I know that. Is this applicable to it also? 
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Dr. Wiiuarp. The energies involved here are very much higher 
than those involved there. It is a different area in that sense. 

Chairman DurHam. I know it is a different area. I thought prob- 
ably the use of it could be applied to determine certain things in photo- 
synthesis in high energy as well as low energy. 

Dr. Witiarp. I think these new reactions of bimolecular displace- 
ment that I spoke of are probably a type of reaction that is occurring 
in systems such as Dr. Burton spoke of also. They may be ion-mole- 
cule reactions. There is a relationship between what we are observing 
here, what he has been speaking of as observed in the mass spec- 
trometer. Perhaps the similarity is greater there than in photo- 
synthesis where light is used to cause the reactions and the reactions 
are relatively gentle in nature. 

Representative Price. Thank you very much, Doctor. 

That will conclude the hearing for this morning, and the hearing 
will be continued tomorrow morning in the House caucus room, where 
we met for the first session. The testimony will be a continuation of 
chemistry research similar to what we have had this morning. 

The meeting will start at 10 o’clock. 

(Thereupon, at 12:40 p. m., Tuesday, February 4, 1958, the com- 
mittee recessed, to reconvene at 10 a. m., Wednesday, February 5, 1958, 
in room 304, Old House Office Building.) 
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WEDNESDAY, FEBRUARY 5, 1958 


ConGrEss OF THE UNITED STATEs, 
SUBCOMMITTEE ON RESEARCH AND 
DEVELOPMENT OF THE JOINT 
ComMMITTEE ON Atomic ENERGY, 
Washington, D.C. 

The subcommittee met, pursuant to recess, at 10 a. m., in room 304, 
Old House Office Building, Hon. Melvin Price, presiding. 

Present: Representatives Price (presiding), Durham (chairman of 
the joint committee), and Hosmer. 

Also present : George E. Brown, Jr., professional staff member, and 
Richard Smith. 

Representative Price. The committee will be in order. 

This is the third day of public hearings by the Research and Devel- 
opment Subcommittee on the basic research program as it relates to 
the atomic-energy field. The group of witnesses this morning have 
come from all sections of the country and we would like to hear every- 
one who has come in to make a presentation this morning. We will 
try to move along as rapidly as we can without missing any of the 
pertinent testimony that would be valuable in the record. The first 
witness this morning is Dr. Paul W. Gilles. Dr. Gilles is of the 
University of Kansas. Dr. Gilles will discuss for us the subject of 
high temperature chemistry, in which field he has conducted most of 
his research. Dr. Gilles is a consultant to both the Los Alamos Labo- 
ratory and the Argonne National Laboratory and is associate profes- 
sor of chemistry at the University of Kansas. Dr. Gilles 





STATEMENT OF DR. PAUL W. GILLES,’ ASSOCIATE PROFESSOR OF 
CHEMISTRY, UNIVERSITY OF KANSAS 


Dr. Gites. Thank you. It is a pleasure to be here. 

The importance of high temperatures to our present mode of living 
can be easily sensed. With the exception of waterpower, every kilowatt 
of power has behind it some man-controlled high-temperature opera- 


1 Birth: January 13, 1921, Kansas City, Kans. Marriage: December 22, 1944, Helen EK. 
Martin; 3 children. 

Education: Bachelor of arts, University of Kansas, 1943, Summerfield scholar; junior 
men's and senior men’s honor societies; Phi Beta Kappa. Doctor of philosophy, University 
of California, 1947, physical chemistry teaching assistant, Du Pont fellow in chemistry ; 
research assistant on Manhattan Project; Sigma Xi. 

Experience: assistant professor chemistry. University of Kansas, 1947-52; associate 

rofessor chemistry, University of Kansas, 1952——; resident research associate, Argonne 

National Laboratory, summer, 1954; consultant to Argonne National Laboratory; con- 
sultant to Los Alamos Scientific Laboratory ; 14 years of experience in high-temperature 
chemistry ; 2S publications; director of completed thesis work of 6 doctoral students and 
3 master’s students, 6 of whom are in AEC-supported work and all of whom are in flelds 
close of high-temperature chemistry. 
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tion. Practically all the metals are obtained through high-tempera- 
ture processes. Lighting, heating, and preservation of food also in- 
volve high-temperature processes. 

There are four matters I have in mind for this morning. First, 
T shall tell you what some of us mean by “high-temperature chemistry.” 
Next we shall examine the ways that substances evaporate. Then I 
shall describe the way we perform our experiments. Finally, I may 
list some of our results. 

A temperature that for one scientist is high may be low for another 
scientist. Some scientists may regard —272° C. or 1° K. as high, but 
an astronomer may classify a star whose temperature is 2000° K. 
or about 4000° F. as a cool one. 

Brewer and Searcy have seen fit to define high temperature from 
the standpoint of the chemist as that at which the reactions and the 
compounds that are important are appreciably different from those at 
room temperature. Some gaseous free radicals and some solids that 
are bewildering to room temperature chemists are commonplace in 
our work. For the most part our work at Kansas in the field of 
high temperature chemistry is in the range of 1500° to 3000° K. or 
about 2300° to 5000° F. We are planning to extend our temperature 
range by using a sun furnace that should produce nearly 5000° K. or 
8500° F. The surplus searchlights that we shall use arrived just last 
Thursday. Other chemists who work with fused salts generally per- 
form experiments between 300° and 1200° C., and this region might be 
sncduded in the high temperature field if one wished. Of course, one 
must include the higher temperature regions also. 

The present goal of the research that occupies my associates and me 
is to establish the nature and the energetics of chemical species and 
their reactions at high temperature. More specifically, we are inter- 
ested in the kind of chemical compounds, their structures, their melt- 
ing and boiling points, and the reactions that they show at high tem- 
perature. One of the best ways of studying materials at high tem- 
perature under controlled conditions is to examine the evaporation 
processes that they undergo. 

Now, all substances evaporate. They may do so by many different 
courses and at vastly different pressures. The temperatures required 
may be very high but ultimately all substances pass into the gaseous 
state. 

Let us see, then, something about the ways that substances evapo- 
rate. There are two simple cases with which everyone is familiar. 
Water exists in the liquid in the form of molecules of the formula 
H.O, meaning 2 atoms of hydrogen and 1 atom of oxygen. When 
water evaporates, either in a teakettle or from a lake, the molecules re- 
main unchanged during the course of evaporation. We can describe 
the reaction by writing the equation, 


H.O(1) =H.0(g). 


Dry ice is carbon dioxide. In dry ice we have molecules containing 
1 carbon atom and 2 oxygen atoms. These molecules also remain 
unchanged as a dry ice sublimes. The reaction is, 


CO.(s) =CO:(g). (2) 


There are more complicated cases of evaporation, however, and we 
have been studying some of these. Instead of molecules in the liquid 
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or solid giving rise to vapor molecules of the same formula, it is pos- 
sible that decomposition will take place. For example, sodium oxide 
gives the elements instead of compounds according to the equation, 


Na,O=2Na(g) +140.(g). (3) 


There are many other possibilities also. For example, if one takes 
a particular compound of molybdenum and boron, Mo;B., he finds 
that boron is given up to produce a different compound. The reaction 


1S, 
2Mo,B,(s) =3Mo,B(s) +B(g). (4) 


A similar kind of reaction is one in which the metal is evaporated 
rather than the nonmetal. One of the systems we are currently study- 
ing involves samarium, a rare earth metal, and boron, a nonmetal. 
The compound, SmB,, evaporates partially to give samarium vapor 
and leaves the compound, SmBg, according to the reaction, 


35mB,(s)=Sm(g) +2SmB,(s). (5) 


Even more complicated processes are possible. For example, the 
evaporation of uranium oxide, U,O,, may proceed by the loss of 
UO, molecules with the formation also of UO, solid, 


U,0,(s) =UO3(g) +3U0,(s). 


As you look at these equations you will see that in the first three the 
overall composition or formula of the gas is the same as that of the 
solid Thus, as the evaporation continues, the residue always has the 
same formula. But in the other cases, the gas has a different formula 
from that of the solid. Continued evaporation produces, therefore, 
an enrichment of one of the components in the solid. For example, 
in the uranium oxide case, the final residue will have 8 oxygen atoms 
for each 4 uranium atoms instead of 9 that were originally present. 

Now after this brief introduction into the kinds of reactions that 
occur when substances evaporate, I should like to describe for you the 
way that we approach the solution of these problems. The way we 
conduct experiments to study the evaporation process is first to prepare 
a solid substance of known composition, that is one whose formula is 
known. This substance will be analyzed chemically and will be 
studied by X-ray diffraction techniques in order to establish its struc- 
ture. A portion of the material will be weighed and placed in an 
appropriate apparatus for heating. At high temperature, part of 
the sample will evaporate and there will thus result a residue and a 
vapor that may possibly be condensed on a target. Figure 1 shows 
the kind of apparatus that we are using frequently in our work. It 
was taken from the recent thesis by Mr. Donald D. Jackson. Figure 2 
shows a typical heating assembly which will sit on the kinematic table 
of figure 1. Figure 3 is a photograph of the components shown 
schematically in figure 2. Figure 4 is a photograph of several 
crucibles that we use. 
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FIGURE 1.—Pyrex vacuum induction furnace. 
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FIGURE 2.—Schematic diagram of heating assembly. 
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After the experiment has been performed both the residue and 
the condensed vapor are analyzed chemically and studied by X-ray 
diffraction techniques. From the weight changes and the X-ray and 
chemical analysis it is possible to answer such questions as, “Does the 
residue have the same formula as the starting material?” and, “Can 
all the material be found?” Frequently it is possible to tell what 
the reactions are and what compounds are present in the gas that it 
produced by evaporation. 

At this point I should like to quote from my paper entitled “Inter- 
actions Between Gases and Condensed Phases,” that was presented 
at a symposium in Berkeley, Calif., in June 1956, and published in 
High Temperature—A Tool for the Future, Stanford Research 
Institute, Menlo Park, Calif., 1956 (pp. 172-175). 


Table I summarizes the information that is desirable for establishing vapor 
species by the sort of experiments that I have been describing. 

There are much more powerful methods for examining the kinds of molecules 
that are present in the vapor. These methods are listed in table II. 


TABLE I. DESIRED DATA FOR ESTABLISHING VAPOR SPECIES IN ABSENCE OF DIRECT 
IDENTIFICATION 


Mass transfer measurements 

Mass balance data 

Chemical analysis of residue and sublimate 

Assay of sublimate by chemical, radioactivity or radioactivation means 
X-ray diffraction studies of residue and sublimate 

Thermodynamic properties of substances 

Chemical properties of vapor 

Comparison of effusion, Langmuir, and flow measurements. 


TABLE Il. INSTRUMENTS FOR IDENTIFYING GASEOUS SPECIES IN EVAPORATION STUDIES 


Momentum detectors 

Velocity selectors 

Ultraviolent, optical, and infrared spectographs 

Mass spectrometers 

Microwave spectrometers 

Field emission microscopes 

Differential thermal analysis-thermogravimetrict analysis instruments 
Electron diffraction apparatus 

It is worthwhile to note that, in the absence of troublesome calibrations, most 
of these give only relative, not absolute, pressures. Such results may be used 
in second law but not third law thermodynamic determinations. 

The one having shown recently the most spectacular accomplishments is the 
mass spectrometer. Very effective use of such an instrument has been made by 
Chupka, Inghram, and associates. 

The momentum detector is a device that serves to measure directly the 
pressure of effusing species. Measurements of effusion or vaporization mass 


rates can give only the product, pv M. Thus, a measurement of momentum 
earried by the beam, together with the effusion rate measurements, can give the 
molecular weight of the gas. Hence, in simple cases, one may identify the 
species. If several species are present in the gas, an average molecular weight 
is obtained. Under these circumstances the identification is not unambiguous. 

The momentum of the gas can be established either by measuring the force 
on the Knudsen crucible or by measuring the force on a vane interposed in the 
path of the effusing vapor. Searcy and Freeman (6), and Edwards and Malloy 
(7) have recently used the first method. Estermann and Kane (8) have used 
the second method. 

The second method of identifying gaseous species, that of employing a velocity 
selector, is applicable because the distribution of molecular velocities depends on 
the molecular weight of the gas. The vapor effusing into a high vacuum 
from a Knudson crucible constitutes, after proper collimation, a molecular beam. 

This beam may be directed through the velocity selector which is usually a 
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rotating mechanical device. The intensity distribution of molecules passing 
through as a function of speed of the selector can be used to establish the 
molecular weight of the species. Miller and Kusch (9) and Bennett and Ester- 
mann (10) have described apparatus that should be suitable for such studies. 

This method has the serious limitation that resolving power is poor because 
the distributions are so broad, especially at high temperatures. Hence, in an 
experiment involving a mixture of species, the distributions from different 
species are superimposed, and it may not be possible to get definite results. 

For several decades the ultraviolet, visible, and infrared spectra of gaseous 
molecules and atoms have been collected and analyzed. Molecular constants 
and accurate wavelengths for hundreds of molecules have resulted. The ob- 
servation of the atomic lines or molecular bands at the correct wavelengths 
serves to establish unequivocally the presence of these substances. Brewer, 
Gilles, and Jenkins (11); Brewer, Templeton, and Jenkins (12); and Brewer, 
Krikorian (13) have used a graphite-tube furnace to produce C, (g) and CN (g) 
which they observed spectrographically or spectrometrically. Margrave and 
Wieland (14), Margrave and Soulen (15), Brewer and Porter (16), and Phil- 
lips (17) have used the same techniques for CF and CF,, B.0;, MgO, and TiO 
respectively. 

This method has available the excellent resolving power of spectrography, 
and also has been used by the above workers to obtain temperature coefficients 
of intensity. There is yet another advantage in the use of this method. In 
practically all high-temperature work thermodynamic properties are important. 
The statistical mechanical calculation of such properties requires the molecular 
constants. If one produces a new substance, he can, by observing the spectrum, 
simultaneously identify it and establish the required molecular constants. 

Perhaps the greatest limitation of this method is that polyatomic molecules 
give complex spectra that are hard to resolve. Hence, few data beyond those for 
diatomic molecules are available. 

Molecular-beam deflection methods appear to offer good possibilities for the 
identification of evaporating species. Smith (18) has written an excellent 
monograph concerning molecular beams. A beam issuing from a Knudsen cell 
can be collimated and allowed to enter the apparatus. Two kinds of apparatus 
are used. In one the beam is permanently deflected by a distance determined 
by the parameters of the apparatus, the properties of the molecules, and the 
temperature of the source. 

Milne (19), while a graduate student at the University of Kansas, used this 
method in his study of the dissociation energy of fluorine. The beam issuing 
from an oven contains both fluorine atoms and molecules. The atoms are in 
*P;,. and *P,. states and hence have magnetic moments of the order of Bohr 
magnetons. The molecules have only rotation magnetic moments which are 
of the order of nuclear magnetons, a thousandfold smaller. Hence, the atoms 
were deflected appreciably in an inhomogeneous magnetic field, but the molecules 
not detectably. A detector consisting of a thin tellurium coating on a glass slide 
responded to atoms but not molecules. The resulting patterns showed two broad 
distributions symmetrically displaced from the field-free position, exactly as 
predicted for fluorine atoms. 

The other molecular beam technique s a resonance one, and it appears to be 
capable of considerably higher resolution and promises to be useful in providing 
desirable information. In this technique three magnetic fields instead of one 
are used. The first and last are strongly inhomogeneous and serve to deflect 
and refocus the beam respectively. The central one is homogeneous and serves 
to preserve the spatial orientation of the magnetic moments of the molecules 
in the permitted directions. Each direction of orientation corresponds to a 
particular energy for the molecule. Radio-frequency fields induct transitions 
from one state to another, or from one orientation to another. In the new 
state or orientation the molecule is no longer focused by the last magnet and, 
hence, the detector indicates a diminution of beam intensity. 

The radio-frequency field can be adjusted so that it can induce either nuclear 
reorientation or atomic and molecular reorientation. The apparatus is designed 
to be operated in a resonance fashion, and hence is very sensitive. The charac- 
ter and location of the resonance peaks can be used to identify the substances 
and can give information on structural parameters. Such equipment can be 
extremely useful in high temperature studies. Its use appears fruitful. 

Microwave spectroscopy is similar in some respects to emission spectroscopy. 
It is most useful in the study of molecular rotation. Molecules can be identified, 
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their rotational energy levels established, and their structures fixed. The at- 
tempts to utilize microwave spectroscopy in high-temperature systems have not 
been spectacularly successful, but there may be good possibilities for future 
development. 

Field-emission microscopic techniques have been recently developed. They 
are discussed by Muller (20) and by Brock (21). This microscope has a high 
resolving power and a millionfold magnification. Most of the previous work 
has concerned solid state phenomena, but perhaps this instrument can be used 
for vaporization studies as well. 

Another technique that provides simultaneous data on evaporation pressures, 
kinetics, and gaseous species has been recently extended to many oxide systems. 
The differential thermal analysis method employs twin capsules suspended in 
a furnace being heated at a constant rate. One capsule contains the sample. 
A differential thermocouple between the two indicates heat effects associated 
with chemical reactions and phase transitions in the sample. Another cap- 
sule containing the same sample substance can be suspended from a balance 
and situated alongside the twin capsule. Suitable automatic controls permit 
the weight of the sample and the electromotive force of a differential thermo- 
couple to be recorded on the same chart. From the former the sample com 
position can be calculated. A combination of the two techniques enables the 
investigator to establish, in favorable cases, the nature and extent of reaction. 
Mauer (22), Pask and Warner (23), and Eyring (24) have used such techniques. 
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The compounds that melt above 2000° C. and the ones, therefore, 
that are of prime interest in the high temperature field, can be indi- 

cated if we look at the periodic table of the elements shown in figure 5. 
This table is incomplete because it does not show the newest elements, 
barkelium, californium, einsteinium, fermium, mendelevium, and 
others not yet named. These compounds are, for the most part, ones 
containing the nonmetals boron, carbon, nitrogen, or oxygen and 
transition metals in groups 3, 4, 5, and 6. Our work has been con- 
cerned mostly with oxides and borides. We have studied the titanium 
exides, tantalum oxides, molybdenum oxides, vanadium oxides, and 
the zirconium borides and molybdenum borides. We have also studied 
boron carbide. 

Chairman Durnam. Why do you not include tungsten ? 

Dr. Gities. We just have not gotten there yet. Tungsten metal 
is the metal with the highest melting point. The oxides of tungsten, 
however, are more volatile than the oxides of tantalum. The borides 
of tungsten are not so stable as the borides of zirconium and tantalum. 
So, although we shall ultimately study the tungsten compounds, we 
just have not gotten to them yet. 

Chairman Durnam. The temperature is increasing all the time so I 
wondered why you do not work with that metal because it probably 
has some useful purposes in all of these high-temperature engines 
and propulsion systems we are building at the present time. 

Dr. Giuies. There are many things that one must keep in mind if 
he wishes to construct a rocket engine. Certainly, one of these is the 
melting point of the construction material. Another is the possible 
reaction between the construction material and the gases produced 
in the rocket, or between it and the atmosphere. 

Tungsten is no good in an oxygen atmosphere because it burns too 
readily. Some of these borides with which we are working offer 
great possibilities, however. 

Chairman Duruam. What creates that peculiarity in tungsten? 
Oxides do not affect other metals that way at high temperature, or not 
as readily. 

Dr. Gittes. Let us take the case of iron. Iron burns in oxygen when 
it gets hot. One cuts through a piece of iron with an appropriate 
torch. First he uses the flame to heat the iron, and then he turns to 
oxygen when he is ready to burn away the iron. Some metals, such as 
gold and platinum do not react very readily with oxygen. 
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As we go to the left in the periodic table, we find that the tendency 
for reaction with oxygen increases tremendously. On that point I 
might point out that if one is looking for a stable compound, one that 
will not react with oxygen, then his best bet is an oxide. 

Where are the most stable oxides in the periodic table? The most 
stable oxides in the periodic table lie in a region running diagonally 
down through here. The most stable oxides are beryllium oxide, mag- 
nesium oxide, calcium oxide, Yttrium, lanthanum, and thorium oxides. 

Tungsten oxide is not so stable, plus the fact it is very volatile. 

The titanium-oxygen system is an extremely interesting one. In 
it there are several compounds. These are Ti,O;, TiO, Ti.Os, Ti,Os, 
TiO,, and perhaps some others that have recently been reported in 
Europe. It is well known that TiO, when heated in a vacuum, loses 
oxygen preferentially. One of our former students, Dr. Quentin de L. 
Wheatley, carried out some experiments with TiO and found that it 
produces TiO(g) molecules primarily. He also found that the residue 
became increasingly rich in oxygen, or deficient in titanium. A recent 
report by Inghram, Chupka, and Berkowi itz, who used a mass spec- 
trometer, indicates that titanium atoms are present in the vapor above 
TiO. It appears as if there is a slight preferential loss of titanium as 
this compound evaporates, thus accounting for the oxygen enrich- 
ment of the residue. 

One of our students, Mr. K. Douglas Carlson, is just now completing 
some studies of Ti,O,. He finds that this compound loses titanium 

preferentially and that very quickly Ti,O;, the next richer compound in 
axe gen, is found in the residue. So now if Ti,O, loses titanium prefer- 
entially, and TiO., loses oxygen preferentially, Tis;0; should be the 
product in both ¢ ases. It may well be that Ti,O; will evaporate to give 
a gas with the same formula as the solid. This behavior has as yet 
not been established, but we hope to study this compound reasonably 
soon. Even though the overall formula of the gas may be Ti,O,, addi- 
tional experiments will be necessary in order to tell whether this for- 
mula arises because there is only one kind of molecule or because there 
are two kinds of molecules in the appropriate proportions. 

There is a very convenient way of presenting these results on what 
is known as a phase diagram. Our present interpretation of the re- 
soults leads us to the tentative pressure-composition diagram at con- 
stant temperature for the titanlum-oxygen svstem shown in figure 6. 








ae 
co 
_ 


PHYSICAL RESEARCH PROGRAM 








‘u1ajsfs 0eSAXO—tIN1UBI IOJ VaANpRiaduis} JuR 





Fie O'L 


coe 


’ 


SuOD JB UIBAIZRTIP ssuyd UOT} ]Ssodm0.—oinsseilg—'9 aINDIY 


: ees Fe LICE Eek Aaa Baa = 


ot 








i 
| 
| 


| 
| 
| 
| 
| 





162 PHYSICAL RESEARCH PROGRAM 


In this constant temperature diagram the lined areas represent 
systems containing two phases, either two solid phases such as Ti,O, 
and Ti,O;, or one solid and one vapor phase such as Ti,O, and vapor. 
The other areas represent single-phase areas such as Ti,QO;, solid solu- 
tion, Ti,O; solid solution, or vapor. Horizontal lines to touching 
three single-phase areas indicate that all three phases are present. 

When two phases are in equilibrium with each other at a particular 
pressure, the composition of a phase is indicated by the ree 
coordinate of the curve separating its one-phase area from the two- 

yhase area. Similarly the compositions of the three phases that may 
be 4 in equilibrium at a neice pressure are indicated by the co- 
ordinates of the points at which the single-phase areas touch the hori- 
zontal line. 

It can be seen that the previously mentioned results are included 
in the diagram. For example, the vapor in equilibrium with Ti,O,; 
is richer in titanium than the solid. Continued evaporation pr oduces 
a residue richer in oxygen. Ultimately Ti,O,; is formed. Similarly, 
the diagram indicates that oxygen is lost by TiO, and that ultimately 
Ti,O; is produced. 

One of our students, Dr. Raymond J. Ackermann, carried out his 
thesis work at Argonne Laboratory. His codirector there was Dr. 
Robert J. Thorn. Dr. Ackermann made a beautiful study of the 
evaporation properties of the uranium oxides. He performed 60 

vapor-pressure experiments with UO., 27 vaporization experiments 
with U-UO, mixtures, and 8 identical, constant temperature experi- 
ments. In these experiments he used 4 different isotopic compositions 
and 3 different apparatuses. He showed that all the higher oxides 
such as UO;, UsOs, UsOs, and others, lose oxygen preferentially and 
that always the residue is exactly UO.. He studied the evaporation 
of this UO. compound over an extremely wide temperature and pres- 
sure range. His vapor pressure work is probably the most extensive 
that has ever been reported. He found that UO, evaporates to give 
UO, molecules. Since the formula in the gas is the same as the for- 
mula in the solid, the residue always has the same composition regard- 
less of how much material has been evaporated. A phase diagram 
taken from his thesis is shown in figure 7 
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FiGurE 8.—Model showing structure of boron carbide. 


A similar study involving different elements has recently been 
completed by Mr. Harry E. Robson. He has been studying the com- 
pound boron carbide. Ordinary boron carbide has a very complicated 
crystal structure that is represented by a beautiful model that Mr. 
Robson made. Figure 8 is a photograph of the model. You will 
notice that there are groups of 12 boron atoms in the shape of a regular 
icosahedron and chains of 3 carbon atoms. The formula for this 
structure is B,.C; which is commonly written B,C. It has been known 
for sometime that additional boron can be absorbed by this compound. 
It is believed that additional boron can replace the center carbon in 
the triatomic chain. As this replacement occurs there is only a very 
slight variation in the properties of the boron carbide. 

Mr. Robson found that when he heated boron carbide, boron is 
always lost more rapidly than carbon. Thus, if he started with a 
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compound in which all the center carbon atoms were replaced by 
boron atoms he would soon produce a smaller quantity of material 
having a structure with carbon atoms back in their regular positions. 
Finally, after the evaporation of additional boron this structure can- 
not accommodate all the carbon atoms that are present, and so they 
separate from the boron carbide and appear as ordinary graphite. 
From his measurements he has been able to deduce the vapor pressure 
and the amount of heat that is required to evaporate boron carbide 
and also pure boron. 

Some of the other studies that are underway include an investiga- 
tion of the tantalum oxides, the molybdenum oxides, the vanadium 
oxides, and the silicon borides. We are employing the same tech- 
niques with these problems and hope to have some interesting results 
reasonably soon. 

This entire study is a very interesting one. We find new kinds of 
compounds, new kinds of reactions, and new thermodynamic values 
for substances of high temperature interest and importance. It is 
our hope to apply some of the more powerful methods for the con- 
tinuing investigation of these very interesting chemical reactions. 

I have tried to point out to you what we mean by high tempera- 
tures, something shoud evaporation processes, how we go about per- 
forming our experiments and I have described a little to you about 
boron carbide. 

Thank you very much. 

Representative Price. Thank you, Doctor. 

Are there any questions ? 

Chairman Durnam. Doctor, are you running these experiments 
under the college entirely, or is itan AEC project ? 

Dr. Giuies. For 8 years we have had a contract with the Atomic 
Energy Commission calling for basic research in high-temperature 
chemistry. 

Representative Price. Thank you very much, Doctor. 

Dr. Gities. Thank you. 

Representative Price. The second witness this morning is Dr. 
Jacob Bigeleisen. He is a physical chemist on the staff of the chem- 
istry department of Brookhaven National Laboratory. He has long 
been interested in the effects of isotope substitution in chemical reac- 
tions and will discuss this subject this morning. 


STATEMENT OF DR. JACOB BIGELEISEN,' PHYSICAL CHEMIST 
ON THE STAFF OF BROOKHAVEN NATIONAL LABORATORY 


Dr. Bieetetsen. Thank you, Mr. Chairman and members of the 
committee. It is a pleasure to be here this morning and tell you a 
little about our work in progress on the differences in physical and 
chemical properties of isotopes. 


1Born: May 2, 1919, Paterson, N. J. Married: 1945. Three children. 

Education: Bachelor of arts, New York University, 1939; master of science, State Col- 
lege of Washington, 1941; doctor of philosophy, University of California, 1943. 

Positions held: Research scientist, SAM Laboratories, Columbia University (Manhattan 
District), 1948-45; research associate, Ohio State University, 1945-46; fellow, institute 
for nuclear studies, University of Chicago, 1946-48; associate chemist, senior chemist, 
Brookhaven National Laboratory, 1948 

Professional affiliations: Visiting professor, Cornell University, 1953-54; associate 
editor, Journal of Chemical Physics, 1955-58; Advisory Committee, Oak Ridge National 
Laboratory, 1955-58; consultant, Los Alamos Scientific Laboratory, 1955-. 

Professional and scholarly societies: American Chemical Society, American Physical 
Society, Phi Beta Kappa, Sigma Xi, Phi Lambda Upsilon. 

Awards: American Chemical Society award, nuclear applications to chemistry, 1958. 
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In the first approximation we all know and assume quite cor- 
rectly that different isotopes of the same element have the same 
chemical properties. This assumption is a more closely true one for 
the heavy elements than for the light elements. 

If one examines the elements a little more closely, one finds for in- 
stance, that a hydrogen molecule will pass through a porous mem- 
brane 40 percent faster than a deuterium molecule. If one distills 
liquid hydrogen there is a 70 percent greater vapor pressure per 
hydrogen atom in liquid hydrogen than in liquid deuterium. 

Third, if one takes a mixture of hydrogen and oxygen gas and 
mixes them together with a catalyst so as to convert a portion to 
water and if this hydrogen gas has some deuterium in it, one finds 
that deuterium is preferentially found in the form of water compared 
with the residual hydrogen by a factor of four. 

As a fourth example, I can state that if you take some water 
which has some deuterium and electrolyze it, the ordinary hydrogen is 
electrolyzed out of water seven times as rapidly as deuterium. 

All of these phenomena can and have been used as the basis of iso- 
tope separation processes. These diverse phenomena, as well as a 
number of others which I have not mentioned, are correlated with 
the structures of the molecules through the branch of science we 
eall statistical mechanics. 

The first such correlation was carried out by the late Lord Cher- 
well (F. A. Lindeman) some 40 years ago, who treated the subject 
of differences in the vapor pressure of solids resulting from isotopic 
substitution. 

With the development of the quantum theory in the 1920’s there 
was considerable progress made in the correlation and understanding 
such phenomena. Some very notable contributions to this subject 
were made by Professor Urey. 

About 15 years ago, Mrs. Mayer and I, while working for the 
Manhattan District, got interested in this problem and we found we 
were able to introduce some simplifications into this problem. We 
were able to single out a few properties of the molecules which formed 
the basis of all of these types of differences. 





PHYSICAL RESEARCH PROGRAM 167 

The effect of this was that it reduced the amount of labor neces- 

sary to make these correlations and also the amount of information 

that we would need to make these correlations between these differ- 
ences in physical and chemical properties with the structures of the 
molecules. 

Chairman Duruam. Was that done by a mathematical computer ? 

Dr. BicELEIseN. Not a computer, just mathematics, Just thinking 
about the problem. We just happened to think about. the right 
thing at the time. More important actually for the future, was 
the fact that this analysis that we were able to make at the time 
gave us a much deeper insight into the origin of these phenomena 
and I can state that at present this theory has been verified in com- 
plete detail for simple systems such as the equilibrium among gases 
and some simple isotope separation processes that depend on | chem- 

ical processes. 

In the past 10 years, we have continued this investigation of try- 
ing to males these correlations between structure and the differences 
in chemical properties. 

We have gained further additional insight into the basis for this 
phenomenon. As a result we are now able to undertake more com- 
plex investigations and study somewhat more complicated problems 
such as rates of chemical reactions, and we can use these differences in 
the properties of isotopes as fine probes into the fundamental proper- 
ties of matter and the structure of matter. 

The problem which I wish to discuss in a little detail this morning, 
is the use of these differences in the rates of chemical reactions of 
isotopes to elucidate our general understanding of the problem of the 

rate of a chemical reac tion. The importance of this is the following: 
Much of all chemistry is concerned with the problem of rates of 
chemical reactions. It is the key to the question as to whether sub- 
stances which could react from energetic considerations do in fact, 
react, and if they do react, which one or ones of a host of possible 
products are actually formed ? 

The course of a chemical reaction is very similar to the problem of 
locomotion in a mountainous terrain. If we may look at the first 
chart (fig. 1) we start here. Let us say, this corresponds to the re- 
acting molecules which are individually, stable so they are in a valley 
in the ener gy surface and, let us say, these are products which are 
also in a valley of the energy surface. But we must go over some 
hill to go from the reactants to products. 
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FIGURE 1. 
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All around us are some hills. The easiest way to go from the re- 
actants to the products is to go over the lowest hill which takes the 
least energy. Our knowledge of these energy surfaces shows that, in 
general, the lowest hill is one which occurs some place in this valley 
as one passes from reactants to products. It is in this area, and we 
call the area in the energy surface around this lowest hill the transition 
state, and the energy that a molecule must have to start from the re- 
actants to get over this hill we call the activation energy. 

To describe a chemical reaction quantitatively, we must know two 
things. We must know the energy contours of the terrain and we must 
know the rules which govern the passage of the molecules across the 
terrain. 

The difficulty about getting any information about the energy con- 
tours is the following: The molecules take about 10° seconds to 
cross over this transition state so we cannot isolate them, get them 
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in a bottle and study their properties like we can do with a normal 
reacting molecule or the product molecule. 

The only thing we can do is to study the rates of chemical reaction 
and from the rates make inferences about these energy contours. Or 
we can try to make calculations based on the quantum theory and 
see how they fit with our experimental results. 

Chairman Durnam. Doctor, you have mentioned the quantum 
theory and it was mentioned yesterday. Would you mind stating in 
a few words what it is? 

Dr. Bieeteisen. The quantum theory tells us that energy is absorbed 
by matter in discrete amounts and that the energy states in matter 
are in general, discrete energy levels. There is a set of rules based on 
this observation and a number of other fundamental observations 
which describe for us the behavior of atoms and molecules on the 
molecular domain. 

[ have a little chart here which I shall use next (fig. 2) and it will 


g. 2 
give an illustration of the quantum theory which might prove useful. 


FIGURE 2. 
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That is one problem—the problem of the energy contours. The 
next problem is the problem of the traffic rules. A set of traffic rules 
for this type of process was formulated some 30 years ago by Wigner 
and amplified in considerable detail by Eyring and Polanyi, but to 
use these rules one has to know the energy contours. 

These people were able some 25 years ago to make an a priori cal- 
culation for a very simple type of reaction ‘and they chose the reaction 
H-+H., isotopic substituents, because it is the simplest possible kind. 
Even to make any calculations for this reaction they had to introduce 
a large number of simplifying assumptions. 

It was a tremendous achievement. This was the first time that any- 
one could calculate from first principles the rate of chemical reactions 
and their results agree with present experiments to within about 40 
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percent. There have been a large number of qualitative confirmations 
of this theory of reaction rates, but the number of quantitative con- 
firmations is rather small indeed. 

This morning I will describe briefly some work which we are just 
completing which offers a rather quantitative proof of this theory 
of reaction rates. To do this, we take advantage of the differences in 
rates of chemical reactions as affected by isotopic substitution and 
the fact that we can make these measurements quite accurately and 
use them as a very extensive probe. 

There are two principal ways by which one isotope differs from 
another isotope in the rate of a chemical reaction. First, the light 
isotope will travel over this mountain a little faster than a heavy 
isotope. 

Secondly, as a result of the uncertainty in the principle of the 
quantum theory we can state that no molecule can start at the bottom 
of this valley. It has to start some place up this valley at some discrete 
energy level. These energy levels are different for the different 
isotopes. Therefore, they will traverse a different portion of the ter- 
rain in pursuing the chemical reaction. To the best of our knowledge 
the energy surface for the reaction is the same for the different iso- 
topes, but we know from the quantum theory that the light molecule 
will always have the higher energy level as compared to the heavy 
isotope. "Therefore, in general, the energy which a light molecule 
needs to acquire to get over this energy barrier is smaller than that 
which a heavy molecule needs to acquire. 

Therefore, the fraction of the light molecules which will acquire 
this energy and cross over will be greater. In some cases, such as in 
comparing the reactions of hydrogen and tritium this could lead to 
a factor of 10 in the differences of rates. 

The reaction which we have selected for study is another simple one. 
It is the reaction of hydrogen molecules and chlorine atoms. That 
reaction proceeds as follows: We have H, molecules plus chlorine 
atoms, giving hydrogen chloride gas plus hydrogen atoms. The hydro- 
genations enter into subsequent reactions which need not concern 
us here. 

The reason we have chosen this particular reaction for study are 
the following: There is a wealth of information about this reaction 
from conventional studies in the chemical literature. Secondly, there 
are a small number of atoms involved in this transition state—three, 
namely, 2 hydrogen atoms and 1 chlorine atom. This materially 
reduces the amount of arithmetic necessary to make any computations. 

Thirdly, we have a large amount of information on the structure 
and energy levels of the hydrogen molecule and how they are affected 
by isotopic substitution : What happens when you change it to HD, D, 
and so on ? 

Fourthly, some 6 years ago, Dr. Wesley Jones at the Los Alamos 
labors atory, intercompared the rates at which hydrogen molecules and 
the isotopic HT molecules react with chlorine atoms. That reaction 
can go either 1 of 2 ways. You can get HOI] plus tritium atoms or 
tritium chloride and hydrogen atoms. 
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He found that the H, molecules react about 4 times as rapidly as 
the HT molecules, but this factor of 4 depends on the temperature. 
From his measurements Dr. Wolfsberg and I were able to deduce 
some information about the forces between the atoms or the energy 
levels in the transition state and particularly the energy associated 
with the stretching of the bond between the hydrogen atoms. That is 
the energy associated with moving these two hydrogen atoms apart. 

Having obtained this energy information from Jones’ experiments 
we were able then to proceed and calculate the rates at which we would 
expect HD molecules D, molecules and all the other isotopic hydrogen 
molecules to react. To check these predictions, Dr. Fritz Klein who 
spent the last year with us, while on leave from the Weizmann Insti- 
tute, chose for investigation the rate of reaction of HD to check these 
predictions. 

We found quite analogously with Dr. Jones that there are two 
factors which contribute to the differences in rates of reactions of 
hydrogen molecules with chlorine atoms and their isotopes. There 
is a temperature independent factor and a temperature dependent 
factor. 

In the present case, if we use this theory of reaction rates, as the 
result of a general theorum which I have been able to derive recently, 
we can calculate in this particular type of reaction the temperature 
independent factor exietsiaunedi without knowing anything about 
the contours of the energy terrain. 

It just depends on the masses of hydrogen atoms and deuterium 
atoms and chlorine atoms and we know those numbers quite well. 
There is no arbitrariness whatsoever. The comparison between the 
theoretical calculation and the experimental results is as follows: 

For the reaction in which one intercompares normal hydrogen with 
HT, we find experimentally that this ratio is 1.35 plus or minus .03. 
Intercomparing H, and HD in our experiments we find that this ratio 
is 1.24 plus or minus .03 and that the theoretical calculation is as 
follows: 

For HT the theoretical calculation is 1.38, and for HD the theoreti- 
cal calculation is 1.21. That is very good quantitative agrement. It 
indicates that our assumptions about the theory which we have used 
to make these calculations are correct. 

Now, about this temperature dependent factor which is very impor- 
tant. On the next chart (Fig. 3), 1 have a comparison of the experi- 
mental data with what we would calculate if we use a potential sur- 
face which was worked out for this reaction by Wheeler, et al., using 
the same method which gave this rather good agreement, 40 percent 
deviation, for the reaction of hydrogen atoms and hydrogen molecules. 
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FIGURE 3. 
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These dots are the experimental data for HT and the dot with lines 
through them for HD, and the corresponding solid lines are the theo- 
retical values. You see that the agreement between the experiments 
and the theory is not very good in this respect. The discrepancy is 
something of the order of a factor of 5 and the way in which the theo- 
retical curve changes with the temperature is not in agreement with 
experiment. 

This indicates 1 or 2 possibilities. Either there is something wrong 
with this energy surface, which has been calculated in an oversimpli- 
fied way because of the inherent difficulties in the problem, or per- 
haps there is something basically wrong with the reaction rate theory. 

A critical test of this is as follows: We have been able recently to 
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find by two independently different methods—we approached the 
matter in different w ays—refinements to the energy surface proposed 
by Wheeler, et al. Using the reaction rate theory which we have 
developed, we can calculate the rates of these reactions, that is the 
temperature dependent part with either of these new energy surfaces. 
Both methods lead to essentially the same results. 

The circles are again the experimental points and these solid lines 
are theoretical values based on a refinement of the energy surface 
originally proposed by Wheeler, et al. You see now that the agree- 
ment is quite good (Fig. 4). This discrepancy is of the order of 6 


FIGURE 4. 
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ercent, and we have more experimental data here than what we 
ave utilized in evaluating this energy surface. 

This is about one of the most quantitative tests that we have had 
up to date about reaction rate theory. One quite interesting and per- 
haps somewhat surprising fact which has come out of this investiga- 
tion of the energy surface is that in this transition state which has a 
total of three atoms, H, H, and Cl, the original calculations on this 
energy surface indicated that these two hydrogen atoms repel one 
another. But from our calculations and combining them with the 
experimental data, we find there is actually an attractive force between 
these two hydrogen atoms, and it is about one-tenth of that in a normal 
hydrogen molecule. 

In future what we would hope to do in this particular area would 
be to get some more information of this type so as to build up the 
literature or our body of information about these energy surfaces so 
that we can understand in a lot greater detail the whole general prob- 
lem of the rates of chemical reactions. 

Thank you. 

Chairman Durnam. It appears that your work is coming along 
pretty well, Doctor, between the theoretical and experimental. 

Dr. BigeLetsen, Thank you. 

Chairman Duruam. You are not so far off in the theoretical. 

Dr. Bieevetsen. The agreement there now is almost within the 
limits of our experimental errors. 

Representative Price. What is the practical application of this 
work? 

Dr. Bigeteisen. The practical application of work in this area per- 
haps can be explained as follows: Let us talk about the whole general 
area. Suppose we consider the problem of uranium isotopes. Ura- 
nium 235 and uranium 238 differ in their rates of diffusion through a 
porous barrier, such as in a gaseous diffusion plant, by something like 
half a percent or 5 < 10°. If we were forced to consider a process in 
which this difference were 5X10-*, that is only a small difference, 
what would the consequences of this be? 

The consequences would be very simple. They are as follows: If 
you would require the same production as you get now in the K-25 
plant, it means that the plant would have to be a hundred times as 
large as the present K-25 plant. 

It would mean that you would have to double the national debt and 
there would not be enough electric power available in the world to 
feed this plant. 

That is only a small difference and that indicates the tremendous 
significance of these very small differences that we have worked with 
and why we have to work very hard to recognize these small 
differences. 

Chairman Durnam. How about the molecular structure, Doctor? 
Has it not given you a lot of information ? 

Dr. BicELetsen. It certainly has, and it is yielding a lot more. 

I would like to perhaps just point out the very interesting applica- 
tion of this effect that has been made recently by Professor Urey to 
a problem in geochemistry which would be very hard to get at by 
other methods, by just using these very small differences and refining 
them very highly. He has been able to measure the temperatures at 
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which animals and plants lived millions of years ago in geologic time. 

Chairman Duruam. The application of it would apply to your 
own work ¢ 

Dr. Bice.etsen. Yes. 

Chairman Durnam. You are just working with 1 or 2 systems? 

Dr. Bicetetsen. This is just one particular system which I have 
selected for presentation to you here. We are carrying out work in 
addition to this in our own laboratory, but I did not want to impose 
on your time to try to discuss all of that. 

Chairman Duruam. You did. not want to make it too technical? 

Representative Price. Doctor, I notice in your biography that 
among your professional affiliations you are an associate editor of the 
Journal for Chemical Physics. 

Dr. Bicetetsen. That is correct. 

Representative Price. Scientists throughout the world from vari- 
ous areas contribute to the journals in the other countries ? 

Dr. Biceirtsen. Yes. 

Representative Price. How closely do our people follow these jour- 
nals and how closely are our papers followed throughout the world ? 

Dr. Bicetetsen. We try to follow the literature throughout the 
world as best we can and the scientists throughout the world follow 
our literature. 

In our case, most of our scientists are not familiar with the Russian 
language at present, and there is a large literature growing in Russia, 
and many of us cannot follow the original Russian literature. For- 
tunately, there are tranlation services underway at present which help 
us in that area. These journals are widely circulated and read all 
over. 

Representative Price. We noticed, when we were visiting labora- 
tories in Russia, the prominence of journals and scientific papers in 
the English language in every laboratory we visited. 

For instance, for the Physical Review, which is a physics journal, 
I believe that a very substantial fraction of the total number of copies 
of Physical Review issued go to the Soviet Union. 

Representative Price. From what you are able to gather through 
publications and other exchanges that you might have access to, how 
would you say that our effort in your particular work area compared 
with efforts in other countries ? 

Dr. Bieetetsen. In that respect, our situation, as far as I see it, is 
as follows: 

Due primarily to the tradition and leadership that was built up 
in this country by Professor Urey, in 1945 we were very much in 
the forefront. We were probably outstanding in the world. Now 
the people in Western Europe have recognized the importance of this 
area of research to the entire nuclear energy program, both fission 
power and fusion power, and they are putting in a large effort in this 
area presently, and I would not be surprised that, if the present trend 
continues, they might surpass us. 

Representative Price. Why would they surpass us? 

Would it be because they would put greater effort in this work? 

Dr. Bicetetsen. They are putting in a tremendous effort in this 
area at present. The number of people they have working in this 
area is larger than the number of people we have working. That is 
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not the sole criterion. There is also the question of quality involved. 
But they do have some very good men. There is no question about 
that. 

Representative Price. Do you think, then, that we are not putting 
sufficient effort into this area ‘ 

Dr. Biceietsen. The point with respect to that is as follows: 

Dr. McDaniel, and Dr. English, and Dr. Kolstad have tried to do 
everything they possibly could to encourage work in this area. The 
principal difficulty is a shortage of personnel. That is where the 
problem is. It is a shortage of personnel, and we just need more 
personnel. 

Representative Price. Why would that be true?’ Why would there 
be a shortage of personnel in this particular field ¢ 

Dr. BiceLetsen. There are several factors which are connected with 
this problem. For one thing, there are fads in science just like in the 
design of automobiles, and some people might be apt to go into some 
branch of science which is in the front pages of the newpaper every 
day because of the fact that this looks a little more glamorous to them. 
That is one thing. 

The second thing is that the work in this area is extremely exacting, 
both the experimental work and the theoretical work. It makes tre- 
mendous requirements on the part of the individual scientist. 

The other problem which we face is the following: 

The total number of people in this area over the whole world is 
not very large. We just do not have enough people training new 
people in this area. 

Representative Price. Do you seek recruits in the area? Do you 
seek young people to train ? 

Dr. Bice.etsen. We certainly do that, and we have done a con- 
siderable amount of that at Brookhaven Laboratory. We have gotten 
people who are trained in other areas, but are very good qualified 
scientists, and just pointed out to them that there are important prob- 
lems in basic research here which are very challenging for somebody 
who is interested in working hard, and we have interested some very 
capable young people into this program. 

Representative Pricer. Do you have any space and equipment prob- 
lems ? 

Dr. BiceLeIsen. We certainly have those problems at our particular 
laboratory. We, in the chemistry department, are still in temporary 
quarters—just barracks buildings—that were left over from World 
War I and World War II by the United States Army. We would 
hope that we could get some additional space, and this would cer- 
tainly facilitate our work. 

Representative Price. Do you ever request additional space? 

Dr. BigeLeIsEN. Yes; we do. 

Representative Pricer. What is the usual action on your requests? 
Have you had any expansion in recent years ? 

Dr. Biceretsen. In the chemistry department, we have had some 
expansion in recent years. We have gotten some space to put in some 
specialized equipment for the use of the entire department. By 
and large, our total space is approximately roughtly just about what 
it was when we started up in 1949, and our staff has grown manyfold 
in that time. 
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Representative Price. What conceivably could be the consequence 
of somebody outstr ipping us considerably in this particular area ¢ 

Dr. BieeLersen. This would have very serious consequences as far 
as national security and basic research are concerned. In the national 
security problem, I just have to recall to you this problem which I 
mentioned, about the separation of the uranium isotopes. 

Then this thing goes right down the line. The problem of produc- 
tion of heavy water, which people are talking about using as fuel 
for controlled thermonuclear fusion for power, you have to get the 
deuterium out of the ocean somehow. This costs money. Those 
plants are expensive, as you know. 

Representative Price. So, as far as we have advanced in dealing 
with the problems that have to do with our national security, we still 
have not gone beyond the point where we are dependent on basic 
research ¢ 

Dr. Biceieisen. That is correct. 

Senbeseniakses Price. Mr. Smith. 

Mr. Smiru. Do you consider that scientific hypotheses, these theo- 
retical hunches are really ever proven ? 

Dr. Biceersen. Perhaps never really proven. What we do is make 
a hypothesis wal we cdo experiments, and if they agree, we say we 

can go along with this hypothesis. We do additional experiments— 
trying not to do the same ex (periment over unless there is some doubt 
about the w ay we have done it—and if they agree, that. is fine. 

Of course, every once in a while somebody comes up with some 
hew experiment which is in complete contradiction to the hypothesis 
you had, and it simply means that the hypothesis you had was all 
right in the area in which you had employed it, but it is not valid for 
any extension over a large area. 

Chairman Durnas. Doctor, if you never had a theory, you would 
never have had an experiment ¢ 

Dr. Bicetetsen. Yes, I would agree to that. It is a question of 
the chicken and the egg. 

Chairman Durnam. Most of it grows out of theoretical ideas? 

Dr. BiGeLeisen. Yes. 

Representative Hosmer. Doctor, is the University of California 
quite a center for the type of training that you have described ¢ 

Dr. Bigeietsen. No. There is essentially no work in this area going 
on at the University of California at present. But that is going to be 
changed this summer. Professor Urey is going there and that. is 
going to make all the difference in California. 

Representative Hosmer. You got into the field after you left the 
University of California? 

Dr. Bicertsen. Yes. Research in different universities changes, 
too. At the time I was at the University of California, there was 
some very outstanding work in that area. 

Representative Hosmer. I am thinking that in this area as in other 
areas where you have a prominent outstanding man who has pioneered 
in the field, your work center is wherever he is instructing. 

Dr. Bicgetetsen. That is correct. 

Representative Price. Thank you very much, Doctor. It has cer- 
tainly been an interesting presentation. 

Dr. Bicetetsen. Thank you. 
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(The prepared statement of Dr. Bigeleisen follows:) 


THE USE OF ISOTOPES IN THE QUANTITATIVE DESCRIPTION OF THE RATES OF 
CHEMICAL REACTIONS 


By Jacob Bigeleisen, Chemistry Department, Brookhaven National Laboratory, 
Upton, Long Island, N. Y. 


Mr. Chairman and member of the committee, I wish to thank you for the 
opportunity of reporting to you on some of our work in progress at the Brook- 
haven National Laboratory on the difference in the physical and chemical 
properties of isotopes. In the first approximation, istotopes of a given ele- 
ment have the same chemical properties, and this approximation is more closely 
true for the heavy elements than for the light elements. On closer examination, 
one finds significant differences: for instance, that a hydrogen molecule will 
pass through a porous membrane 1.4 times as fast as a deuterium molecule; 
that liquid hydrogen has 1.7 times the vapor pressure of liquid deuterium (per 
atom); that if oxygen is admitted into a sample of hydrogen gas containing 
deuterium so as to convert a portion of the hydrogen into water with the aid 
of a catalyst, then the deuterium is concentrated in the water by a factor of 
four ; and finally that hydrogen atoms are electrolyzed into the form of hydrogen 
gas from water at seven times the specific rate that deuterium atoms are 
electrolyzed. All of these phenomena can and have been used as the bases of 
isotope separation processes. 

The correlation of all these diverse properties, as well as others which I 
have not mentioned, with the structural properties of the individual molecules 
is accomplished by means of statistical mechanics. The first such correlation 
was carried out almost 40 years ago by the late Lord Cherwell, then F. A. 
Lindemann, who treated the difference in vapor pressure of solids resulting from 
isotopic substitution. The whole treatment of these differences in the prop 
erties of isotopes was materially advanced by the development of the quantum 
mechanics. Particularly notable contributions were made by Professor Urey. 
About 14 years ago a simplification was introduced into the statistical mechan- 
ical theory of isotopic molecules by Mrs. Mayer and myself, while working 
for the Manhattan District. We found that it was possible to single out those 
properties of the molecules which depend upon the mass of the atom. Hence, 
by this process we were able to reduce the labor and amount of information 
necessary to correlate the differences in physical and chemical properties of 
isotopes with the structure of the molecules. Perhaps, even more important 
is the fact that these simplifications have given us greater insight into the 
details of how isotopes affect the physical and chemical properties of substances. 
For certain types of systems, such as the equilibrium properties of gases and 
some chemical isotope separation processes, the theory has been confirmed in 
detail. We are, therefore, in a position to utilize these differences in physical 
and chemical properties of isotopes as fine probes to explore many aspects of 
the properties of molecules. In addition, during the past 10 years we have 
continued the fundamental study of the statistical mechanics of istotopic mole- 
cules resulting in still further simplification and applied these results to more 
complex phenomena such as vapor pressures and the rates of chemical reactions. 

Today, I wish to discuss in a little detail a recent study, which is now nearing 
completion, on the use of the effect of isotopes on rate of a chemical reaction to 
elucidate some of the fundamentals of the theory of the rates of chemical reac- 
tions. This is accomplished through the theoretical treatment of the difference 
in the properties of isotopes as it affects the rate of a chemical reaction. 

Much of the science of chemistry deals with the question of the rates of reac- 
tions, either in a qualitative or a quantitative way. Reaction kinetics is the key 
to the question of whether systems, which could react from energetic considera- 
tions, do in fact react, and which one of a number of possible products is pro- 
duced under the given experimental conditions. 

The course of a chemical reaction is quite analogous to the problem of locomo- 
tion in mountainous terrain. The molecules pass from one stable or metastable 
configuration, represented by a valley in figure 1 (p. 168), to another configura- 
tion, which corresponds to another valley in the energy surface. Between these 
valleys are hilis all around. The easiest way to go from the reactant valley to 
the product valley is over the lowest hill. The configuration of the atoms in the 
vicinity of the top of this hill is called the transition state. Only a small frac- 
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tion of the molecules have enough energy to cross this intervening hill. We call 
the energy necessary to cross this hill the activation energy. To describe the 
rate of a chemical reaction quantitatively, we must know the contours of the 
terrain and the traffic rules which the molecules obey in crossing the terrain. 

Now the molecules only spend about 10™ seconds in crossing the transition 
state. We cannot isolate them in this state to study their properties. The only 
way we can get information on the contours of the energy surface is by the study 
of the rates of the chemical reaction to which we apply some set of rules govern- 
ing the passage from one valley to another. In addition, we can attempt to 
calculate the energy surfaces from the principles of quantum mechanics. A set 
of rules which describes the rate of the reaction, if the energy contour is known, 
was formulated by Wigner and amplified considerably by Eyring and Polanyi 
30 years ago. The calculation of the energy surface is at present a most formid- 
able task even for simple reactions. To get any results, simplifying assump- 
tions must be introduced. A set of such simplifying assumptions was formulated 
by London and developed in particular by Eyring and his students. In this way 
it was possible to calculate a priori the rate of a chemical reaction for the first 
time. This was a major achievement, and for the reaction H.+ D.>2HD, which 
involves steps of the type H+D.>HD-+D, the calculation agrees with recent 
experiments to within 40 percent. There have numerous qualitative confirma- 
tions of this transition state theory. 

Now the major ways in which isotopes affect the rate of a chemical reaction 
are twofold. To the best of our knowledge the energy surfaces are the same for 
isotopic molecules. There is a difference in the time which it takes for the 
different isotopic molecules to cross the transition state. Secondly, as a result 
of the uncertainty principle of the quantum mechanics, no molecule can start 
from the bottom of the valley. It must start from an energy level above the floor 
of the valley. The lowest such level, called the zero point energy, is different for 
isotopic molecules. The amount of energy which a molecule needs to acquire to 
pass over the energy barrier is different for isotopic molecules and is shown 
schematically in figure 2 (p. 169). This zero point energy difference leads in 
some cases to at least tenfold difference in rates of reaction of hydrogen isotopes. 

If we know the properties of the reacting molecules and the way in which 
they are affected by isotopic substitution, we can obtain information about 
the energy levels, or forces between the atoms, in the transition state by studying 
the effect of isotopic substitution on the activation energy. Also, in some cases 
we can obtain information on’ the dynamics of the reaction by measuring the 
effect of isotopic substitution on the time necessary to pass through the transi- 
tion state. We can, then, compare these results with the theoretical predictions 
both of the theory which governs the passage over the energy barriers and the 
quantum mechanical calculation of the energy contours. Since we can make 
these relative measurements rather accurately, we can make a sensitive and 
quantitative test of some important aspects of the theory of reaction rates, 
and also of the quantum mechanical calculation of the energy levels of the 
transition state. 

The reaction which we have been investigating is the one between hydrogen 
molecules and chlorine atoms. It was chosen for the following reasons. A 
great deal is known about this reaction from conventional studies. Only a few 
atoms, three, are involved in the transition state, which greatly simplifies the 
arithmetic. Some six years ago Dr. Wesley Jones of the Los Alamos Laboratory 
compared the rate at which HT molecules react with chlorine atoms with the 
reaction of H:. molecules. He found that the HT reacts at about one-fourth 
the rate that H. molecules react and that this ratio depends on the temperature. 
From his measurements, Dr. Wolfsberg and I were able to obtain a value for 
the energy associated with the stretching of the H-H and H-Cl bonds in the 
transition state. This assumed that the reaction rate theory is correct. Using 
the theory, we could then predict, with no additional parameters, the rates at 
which HD, D., DT, and T; should react with chlorine atoms as a function of the 
temperature. 

To check the predictions, Dr. F. S. Klein, who spent the last year with us as 
a visiting scientist from the Weizmann Institute of Science in Rehovoth, Israel, 
has carried out a series of measurements in our laboratory on the relative rates 
at which H: and HD molecules react with chlorine atoms. Both Jones’ measure- 
ments on HT and our measurements on HD show, in agreement with theoretical 
predictions, that temperature independent and temperature dependent factors 
affect the relative rates of reaction of the isotopic hydrogen molecules with 
chlorine atoms. If the transition state is linear, and there are theoretical 








180 PHYSICAL RESEARCH PROGRAM 


justifications to this assumption, then the temperature independent factor for 
these reactions can be calculated from first principles by a general theorem, 
which has been derived recently. The temperature independent factor in this 
case depends only on the known masses of the isotopic hydrogen atoms and the 
mass of the chlorine atom. The results are compared with experiment in Table 
I. The agreement is quantitative. 


TABLE I.—Temperature independent factor in the relative rates of reaction of 
isotopic hydrogen molecules with chlorine atoms 


Ho/HT __ 
H2/HD 


| | 
Experimental] Theoretical 


1,352.03 | 1 
1,.24+.03 1 


. 38 
1 
| 


_s 


It may be appropriate at this point to note that the same temperature inde- 
pendent factor is redicted by an older theory of the rates of chemical reactions, 
the collision theory. However, the general theorem which applies to the transi- 
tion state theory shows that the two methods should give identical results in 
the present case, but not in all cases. If the transition state is bent, then it 
was shown previously by Dr. Wolfsberg and myself that these same ratios would 
be obtained by the transition state theory. The collision theory prediction is 
independent of the geometry. 

The temperature dependent part of the relative rates is shown in figure 3 (p. 
172), where a comparison is made with values calculated from the approximate 
energy surface calculated by Wheeler, Topley and Eyring, using the same method 
which led to reasonable agreement for the reactions H+Dz, etc. If we still 
assume that the transition state theory is correct, then the discrepancy between 
theory and experiment shows that further refinements are necessary in the 
energy surface. Two such refinements have been found. 

We shall compare the temperature dependent part of the relative rates of H: 
and HD with an energy parameter derived from the HT measurements by the 
method used by Bigeleisen and Wolfsberg. This is a semiempirical approach 
which tests the transition state thory. At the same time we shall also make 
a comparison with a modification to the Wheeler, Topley and Byring energy 
surface suggested by a Japanese worker, Sato. Dr. Weston of our laboratory 
has evaluated the energy surface for the H.+Cl1 reaction by Sato’s method. 
A quantum mechanical parameter is evaluated from the activation energy of the 
H:+Cl1 reaction. With no further parameters an absolute calculation is made 
of the difference in activation energies of the reactions of chlorine atoms with 
H, and HT and H, and HD molecules, respectively. The results using the Sato 
potential are very nearly the same as those obtained by the semiempirical 
method. The results of both of these methods are intercompared with experi- 
ment in figure 4 (p. 173). The maximum deviation is but six percent, which is 
rather unique in the literature of chemical kinetics. 

We have thus been able, through the use of the difference in the chemical 
properties of isotopes and the development of the statistical mechanical theory 
of these differences, to provide a quantitative check of some of the important 
factors which enter into the theory of the rates of chemical reactions. The con- 
firmation of the reaction rate theory, insofar as the rates of chemical reactions 
are different for isotopes, rests on the fact that we have found methods of esti- 
mating the potential energy surface from which we can quantitatively calculate 
the rates of reaction of the different isotopic hydrogen molecules with chlorine 
atoms. Naturally, we exclude from the comparison those reactions which may 
have been utilized to evaluate a parameter in the energy surface. Furthermore, 
these studies have given us new information, inaccessible by other methods, about 
the forces between the atoms in the transition state. In contrast to the old 
energy surface, which gave poor agreement with experiment for the reactions 
of HD and HT with chlorine atoms and indicated repulsion between the hydrogen 
atoms in the transition state, these experiments, when interpreted in the light 
of the theory of reaction rates which we have developed and confirmed, show 
that there is an attractive force between the hydrogen atoms in the transition 
state containing two hydrogen atoms and one chlorine atom equal to about 
one-tenth that present in the normal hydrogen molecule. 
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In the calculation of the difference in activation energies of H. and HT and 
H; and HD for reaction with chlorine atoms by the Sato potential, it has been 
necessary to introduce a small, but uncertain, correction for quantum mechanical 
tunneling. This requires further study. In addition we note that there is 
a discrepancy beyond the limit of experimental measurement for the relative 
rates of HT and HD which will also require further investigation. 

Through additional studies of the type mentioned here, much valuable infor- 
mation can be obtained concerning the nature of the forces between atoms in 
the transition state. These will serve as checks and guides to the extension of 
the theory to more complicated systems. The effect of isotopes on the rates of 
chemical reactions can and are being used to elucidate the dynamics and mecha- 
nisms of chemical reactions. The more quantitative we can make our predictions 
from theory, the more valuable will such studies become. 


PUBLICATIONS OF JACOB BIGELEISEN ON THE CHEMISTRY AND PHYSICS OF ISOTOPES 
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Representative Price. The next witness is Dr. Ralph Livingston, 
who will discuss the application of paramagnetic resonance tech- 
niques in the study of free radicals produced by radiation. He is 
a member of the chemistry division of the Oak Ridge National 
Laboratory. 


STATEMENT OF DR. RALPH LIVINGSTON,’ CHEMISTRY DIVISION, 
OAK RIDGE NATIONAL LABORATORY 


Dr. Livrneston. Mr. Chairman, gentlemen of the committee, our 
group in Oak Ridge has been applying the paramagnetic resonance 
method to radiation chemistry in an effort to learn something of the 
basic processes that take place immediately after radiation has been 
absorbed in various materials, but before the final chemical products 
have actually formed. 

Often one of the early radiation steps is the breaking down of 
molecules into smaller fragments which are chemical free radicals. 
These free radicals then quickly combine with one another and with 
other molecules present to form the final chemical products that the 
‘adiation chemist usually studies. 

Many of our present notions about these free radical intermediates 
come from a study of the final chemical products, and then an ef- 


1 Native of Keene, N. H. He attended the University of New Hampshire where he re- 
ceived a bachelor of science degree in chemistry in 1940 and a master of science degree 
the following year. He received a doctor of science degree in 1943 from the University 
of Cincinnati where he held a fellowship for sutdy at the graduate department of applied 
science. Upon completing his graduate work he joined the staff of the metallurgical labo- 
ratory of the Manhattan project at the University of Chicago where he was associated 
with the radiation chemistry group. In 1945 he transferred to the Clinton laboratory in 
Oak Ridge which has since been renamed the Oak Ridge National Laboratory and is now 
a group leader in the chemistry division. Dr. Livingston’s research since 1949 has been 
devoted almost exclusively to basic studies in radio frequency and microwave spectroscopy. 
He started work in pure quadrupole spectroscopy shortly after the announcement of the 
first successful observation in Gottingen, Germany, and was the first to measure extensive 
numbers of compounds and apply the method to problems of chemical interest. More 
recently his major research interests have been the use of paramagnetic resonance tech- 
niques in the study of the intermediates formed in radiation processes. He is a member 
of the American Chemical Society and the American Physical Society as well as of other 
professional organizations. 
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fort to deduce some logical sequence of reactions that could give rise 
to them. 

The paramagnetic resonance method is a physical technique that 
in some cases will allow a direct observation of the free radical in- 
termediates to be made. It relies upon the paramagnetic property 
possessed by all free radicals. 

To be more fundamental, electrons themselves have magnetic prop- 
erties. That is, they would behave something like a compass needle 
if placed in a magnetic field, and their spin “direction would orient 
in the field. Most molecules that the radiation chemist is interested 
in irradiating, the molecules that make up most matter, contain an 
even number of electrons and the electrons always occur in pairs, so 
that their magnetic effects cancel, and these molecules have a net zero 
magnetic effect. 

However , when the molecules are broken into free radical frag- 
ments, the free radicals are characterized by an odd number of elec- 
trons. So there must remain the magnetic effect of at least one un- 
paired electron. 

The method of doing the paramagnetic resonance experiment is to 
place the sample containing free adicals with this magnetic prop- 
erty in a magnetic field. This causes the electron spins to orient in 
the field, again something like a compass needle. High frequency 
radio waves in the microwave or radar frequency region are then 
transmitted through the sample. The frequency of the radio waves 
and strength of magnetic field is adjusted and at certain settings the 
sample is found to “absorb the radio waves in a very characteristic 
manner. This absorption has to do with the way the radio waves 
interact with the magnetic electron of the free radical, and hence 
one is making more or less a direct observation in this way. 

Although the absorption in every case depends upon the presence 
of unpaired magnetic electrons, the exact frequency absorbed is very 
sensitive to the environment of the electron, and hence different free 
radicals may absorb radio waves at a different frequency region. So 
with a spectrometer one tunes around to try to find these absorp- 
tions of radio waves with the sample in the magnetic field. 

Most of our irradiation work has been carried out with gamma rays 
from a cobalt 60 source. Our method has been to cool various mate- 
rials of interest, using liquid nitrogen as the coolant at minus 196° 
centigrade. The materials are then irradiated with the gamma rays 
from cobalt 60 and very frequently radical intermediates are stablely 
trapped in the very cold solid material, and the materials may then 
be examined in the paramagnetic resonance equipment as long as 
they are kept cool. 

If the samples are allowed to warm, the microwave absorption 

vanishes as the various free radical intermediates very rapidly enter 
into chemical reaction to give the final chemical products. 

One particularly successful study that I will spend most of my 
time on was in the irradiation of sulfuric, phosphoric, and perchloric 
ac ids. 

First, each acid was studied at various concentrations. In each 
case, the acid was cooled to the low temperature, irradiated and ex- 
amined and a number of microwave absorptions or lines, as we refer 
to an absorption, were seen, and this indicated that there was cer- 
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tainly more than one kind of free radical or unpaired electron species, 
to be more precise, formed in each of these materials. 

However, each of the irradiated acids had one pair of lines in 
common. Subsequent work that I will describe presently has shown 
that this pair of lines originated from atoms of hydrogen that had 
been formed by irradiation and were stably trapped in the solid at 
the low temperature. 

Atomic hydrogen gives a pair of microwave absorptions or lines 
at different frequencies rather than a single absor ‘ption because the 
nucleus of the atom, the proton, is magnetic. It interacts with the 
magnetic electron and the interaction through the rules of quantum 
mechanics, again, causes the main absorption line to be split into two. 

Three pieces of information were needed to actually identify the 
species as atomic hydrogen trapped within the solid. The first was 
the very observation of the microwave absorption. This meant there 
were unpaired electron species present. 

The second piece of information was obtained by starting with acids 
where we had replaced a portion of the normal hy drogen with the 
heavy hydrogen isotope, deuterium. When these acids were irradiated 
and examined, the character of the atomic hydrogen lines changed 
because we now had atomic deuterium present. When the deuteron 
interacts with an electron, it splits the absorption line into three com- 
ponents. This is exactly what was seen. 

So with the second and first bits of information, we knew that we 
had an unpaired electron species and that it must contain hydrogen. 

The third and final piece of information was to measure the differ- 
ence in frequency for the microwave energy absorbed for the 2 lines 
or the separation of the 2 lines. This is a measure of how strong the 
proton interacts with the electron. The strength of this interaction is 
known for atomic hydrogen from atomic beam work, and also from 
first principles in physics precisely, and it amounts to 1,420 mega- 
cycles. 

Atomic hydrogen has about the strongest interaction of a proton 
with an electron. It isa limiting case. Most other free radical species 
that would contain hydrogen would have a very, very much lessened 
strength of interaction. 

In our measurement of spacings of the lines, we found indeed that 
the separation corresponded to almost exactly the known value for 
atomic hydrogen. Hence our species could only be caused by free 
atoms of hydrogen trapped in the solid. 

Subsequent to these observations, we have observed atomic hydrogen 
in quite a variety of other materials irradiated at a low temperature. 
Once having observed atomic hydrogen and identifying it, there was 
then, of course, the interest go on and study some of the properties: 
First, when the samples were warmed the atomic hydrogen would 
rapidly disappear as evidenced by the disappearance of the micro- 
wave absorption. At liquid nitrogen temperature, the atomic hydro- 
gen could be stored indefinitely. 

In sulfuric acid, for example, if the acid were warmed to minus 175° 
centigrade, the atomic hydrogen would disappear in a matter of min- 
utes, while in perchloric acid, warming to minus 145° centigrade would 

sause the atomic hydrogen to disappear in a matter of minutes. Of 
course, at higher temperatures the rates become extremely fast. 
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Detailed studies of the rates at which atomic hydrogen disappears 
in these irradiated materials have been made which give some clues 
as to the ways in which the atomic hydrogen disappears and what is 
happening to it when it goes away. 

Another point of interest was to find out how much atomic hydrogen 
we could make by prolonged irradiation of these materials. This par- 
ticular point has been of considerable interest to the rocket propellant 
groups because they would like to have high concentrations of free 

radicals as high energy fuel sources, and are doing research along these 
lines. 

We found in our acids, for example, that after 150 hours of irradia- 
tion with a 1,000 curie cobalt 60 source, the atomic hydrogen content 
had built up to essentially a maximum value, at which time about a 
tenth of 1 percent of the hydrogen - the starting sample had been 
converted to free atoms. Further irradiation gave no more atomic 
hydrogen, but this does not mean th: at the sample was not undergoing 

radiation damage with further irradiation. It most likely means that 
there was an onset of processes that began to consume the atoms as fast 
as they were being formed once one reached this concentration limit. 

One possible way in which atomic hydrogen might disappear in 
these materials when you warm them is simply for two atoms to 
combine to form a molecule of hydrogen gas. Indeed, it is known 
that if you irradiate these acids at room temperature at liquids, 
hydrogen gas is one of the products of the gross radiation chemical 
damage. This, nonetheless, does not prove that the atoms went away 
in this way, for after all the hydrogen atoms in disappearing might 
find many different things to react with. For that matter, the known 
hydrogen gas that is formed in the radiation chemistry might not 
have come through atoms of hydrogen as an intermediate. There 
might be other mechanisms for the formation. 

In order to check this mechanism, however, we performed the 
following experiments. We took various samples of these acids and 
cooled them to the low temperature and irradiated them. Some of 
these samples were examined in the paramagnetic resonance equip- 
ment to find out how much atomic hydrogen was present. Other 
samples were warmed and the hydrogen gas found was collected and 
the amount measured. 

In the case of sulfuric acid, where the results are now most complete, 
there is a very striking correspondence between the actual hy — 
gas collected and the atomic hydrogen content found by the par: 
magnetic resonance method. This is probably the only radiation 
chemical study where an intermediate has been observed ae identi- 
fied by a direct measurement and then its relation to the final product 
demonstrated. 

In the irradiation of these acids, as indicated earlier, in addition 
to atomic hydrogen, other free radical species are observed. These 
species have not been yet identified. 

In sulfuric acid, for example, in addition to a pair of atomic hy- 
drogen lines, there is a rather broad absorption over a range of 
frequencies which we call a broad line that hes intermediate of the 
two atomic hydrogen lines. Also, heavily irradiated sulfuric acid at 
the low temperature is amber in color. If one warms the irradiated 
acid, one finds the atomic hydrogen disappearing at about minus 
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175°, and then, on further warming up to minus 110°, the central 
broad line vanishes and at the same time the color of the sample 
bleaches. 

So very possibly we are looking paramagneticwise at what gives 
the amber color to the sample. 

Chairman DurHam. Do you get any constructive process from 
the irradiation material by the acid ? 

Dr. Livineston. I am not sure I follow you. The acid is kept in 
inert containers when it is irradiated. 

Chairman Durnam. I am thinking of the reaction. Is there any 
reaction of any kind? 

Dr. Livrnesron. Yes, the acid undergoes gross damage as the 
net effect of the irradiation. 

Chairman DurHam. The radiation damages the acid instead of the 
acid damaging the radiation ? 

Dr. Livineston. The radiation is absorbed by the acid and in the 
process of being absorbed, it tears the molecules of the acid apart and 
actually damages the molecules of the acid. In the process of the 

radiation being absorbed, it, too, in a sense is destroyed. The energy 
is degraded back into chemical energy, into heat and so forth. 

Chairman Durnam. Sulfuric is one of the largest prodvced heavy 
chemicals in the country, as you know. 

Dr. Livineston. It turns out that to continue these studies to other 
type of materials, we have found it necessary to irradiate single crys- 
tal samples. In irradiating single crystals, we find our microwave 
absorptions, but we find the frequenc) y of the absorption to be some- 
what different depending upon how the crystal is oriented in the 
magnetic field. Thus single crystals must be needed. This is not 
the case, fortunately, for atomic hydrogen. We can work wih pow- 
ders or glassy-type materials. Indeed, in order to elucidate the broad 
absorption that appears in sulfuric acid, single crystals are needed 
and some work has now been done along these lines. 

We also have been examining irr adiated single crystals of such 
things as calcium carbonate, calcium hydroxide, ¢ calcium tungstate, 
hydrogen peroxide, and ice. In the case of calcium hydroxide, for 
example, we have evidence for the OH radical which is formed as an 
intermediate. Here it persists to a strikingly high temperature. 
One warms all the way to ice temperature before it disappears. 

Chairman Durnam. You have done all the work on liquids? 

Dr. Livineston. On solids, sir. 

Chairman Durnam. And liquids? 

Dr. Livineston. We are starting experiments on liquids. This is 
one of the real challenges, to see if one can examine the free radical 
intermediates in liquids during the actual course of the irradiation 
rather than after the fact, storing the materials at a low temperature, 
to irradiate liquids at room temperature and examine during the 
course of irradiation. 

We have now set up equipment to : a this type study. In this 
case we need extremely heavy doses of radiation and we are going to 


use an electron beam from a Van de Graaff generator. The equip- 
ment has been set up. We have made a few preliminary looks, but 
we have not yet observed free radicals during the irradiation. 
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We hope with improved sensitivity of our spectrometer that we will 
indeed be able to see them actually as they are being formed at steady 
state during irradiation. 

Thank you, sir. 

Representative Price. Thank you very much, Doctor. 

Your full statement may be inserted in the record at this point. 

(The statement referred to follows :) 


PARAMAGNETIC RESONANCE STUDIES OF FREE RADICALS PRODUCED BY RADIATION 
Ralph Livingston, Oak Ridge National Laboratory, Oak Ridge, Tenn. 


Our group in Oak Ridge has been applying the paramagnetic resonance method 
to radiation chemistry in an effort to learn something of the basic processes tak- 
ing place immediately after the absorption of radiation but before the final 
chemical products have formed. Often one of the early radiation steps is the 
breaking down of molecules into smaller fragments which are chemical free 
radicals. These free radicals may then quickly undergo chemical reactions with 
one another and with other molecules present to give the final chemical products 
which the radiation chemist studies. Many of our present notions about free 
radical intermediates come in an indirect manner from a study of the final 
products and an effort to deduce a logical sequence of reactions that could 
produce them. 

The paramagnetic resonance method is a physical technique that in some cases 
will allow a direct observation of the free radicals to be made. It relies upon 
the paramagnetic properties possessed by all free radicals. To be more funda- 
mental, electrons always have an intrinsic magnetism; that is, in a sense, they 
behave like tiny compass needles and will orient (their spin axes) in an applied 
magnetic field. Whereas most intact molecules possess an even number of elec- 
trons with the electrons always in pairs so their magnetic effects cancel, free 
radicals contain an odd number of electrons, and so there must remain the mag- 
netic effect of at least one unpaired electron. To carry out a paramagnetic 
resonance experiment, one places the sample containing free radicals in a mag- 
netic field. This causes the unpaired electrons of the free radicals to orient in 
the field. High-frequency radio waves, usually in the radar or microwave fre- 
quency region, are transmitted through the sample. The frequency of the radio 
waves (or strength of the magnetic field) is varied, and it is found that for some 
settings the radio waves are absorbed by the sample. This absorption of radio 
waves has to do with the interaction of the radio waves with the magnetic elec- 
trons of the free radicals, and the exact frequency of radio waves absorbed 
depends upon just that amount of energy needed to change the electron (spin) 
orientation in the magnetic field. The frequency of radio waves absorbed will, 
in general, be different for different free radicals. Although in every case the 
frequency absorbed depends upon the presence of unpaired electrons, it is very 
sensitive to the environ of the electron. 

Most of our irradiation work has been carried out with gamma rays from a 
cobalt 60 source. Our method has been to cool the sample of interest to a very 
low temperature using liquid nitrogen at —196° C. as a coolant. The cold sample 
is irradiated, and frequently free radicals are formed and stably trapped in 
the rigid, cold solid. The sample is then examined, without warming, in a para- 
magnetic resonance spectrometer and the magnetic fields and frequencies where 
microwave absorption occurs are measured. If the sample is allowed to warm, 
the free radicals rapidly disappear to form final chemical products, and along 
with this the microwave absorption vanishes. 

One particularly successful study was made on sulfuric, phosphoric, and per- 
chlorie acids. Each acid was studied at various concentrations. In each ease 
the acid was cooled, irradiated, and examined. More than one free radical 
was formed in each case, and even though the absorptions appeared quite dif- 
ferent in the three acids, they had in common two characteristic absorptions 
or lines, as they are frequently referred to in spectroscopy. This pair of lines 
in each acid was clearly demonstrated to arise from the presence of free atoms 
of hydrogen stably trapped in the solid. Atomic hydrogen gives two lines rather 
than a single line because the hydrogen nucleus, the proton, is magnetic and 
interacts with the unpaired electron. Such interactions of nuclei with electrons 
are called hyperfine interactions. Three pieces of information were needed to 
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complete the identification. First, the very presence of the pair of lines indi- 
cated that species with unpaired electrons were present. Second, by starting 
with acids having the normal hydrogen replaced by the deuterium isotope the 
nature of the lines changed. When the deuteron interacts with an electron, it 
splits the absorption line into three rather than two absorptions. This is exactly 
what happened, which clearly showed that the unpaired electron species con- 
tained hydrogen. Finally the spacing, or difference in frequency, was measured 
for the pair of lines. This is a measure of how strongly the proton is interacting 
with the electron and is firmly known to amount to 1420 megacycles for atomic 
hydrogen. This is essentially a limiting value for hydrogen. Hyperfine inter- 
actions of electrons with protons in species other than atomic hydrogen are very 
much less than this value. The measured values in the acids were found to be 
almost identical to the above value. Thus the unpaired electron species con- 
taining hydrogen must be atomic hydrogen itself. Subsequent to these observa- 
tions we have observed atomic hydrogen to be formed in the irradiation of a 
wide variety of other materials. 

Once having observed and identified atomic hydrogen the study was continued 
in order to elucidate some of its properties. The rate at which the atomic 
hydrogen disappeared upon warming the samples was measured. In all cases 
it could be stored indefinitely at —196° C. In sulfuric acid and phosphoric 
acid it would vanish in a matter of minutes when warmed to —175° C., while 
it persisted in perchloric acid all the way up to about —145° C. Detailed 
studies of the rates of disappearance of atomic hydrogen (which becomes 
progressively faster as the temperature is raised) give valuable clues as to 
possible mechanisms for its disappearance. Another point of interest was to 
find out how much atomic hydrogen could be produced and stored upon pro- 
longed irradiation. This point has become of great interest to the rocket 
propellant groups since they are now focussing some attention on free atoms 
and radicals as a possible fuel. After about 150 hours of irradiation with 
a 1,000 curie cobalt 60 source there was no further increase in the atomic 
hydrogen concentration. At this time roughly 0.1 percent of the hydrogen 
of the sample had been converted to free atoms. This leveling off of atomic 
hydrogen content after 150 hours of irradiation does not mean that gross radia- 
tion damage to the sample had ceased. It most likely means that there was 
an onset of processes which consumed the atoms as fast as they were created 
once this concentration limit was reached. 

One possible way in which the atomic hydrogen might disappear would be 
the reaction of two such atoms to form a molecule of hydrogen gas. Indeed, 
one of the gross effects known to happen when these acids are irradiated at 
room temperature is the formation of gaseous hydrogen. It should be pointed 
out, however, that many other mechanisms might be possible. On the one hand 
the atoms of hydrogen might find many other things to react with rather than 
themselves when the samples are warmed. On the other hand the hydrogen 
gas formed at room temperature might result from reactions that do not involve 
hydrogen atoms as intermediates. In order to test the idea that hydrogen gas 
is formed in the disappearance of atomic hydrogen a series of analyses was 
earried out on various concentrations of these acids. In each case the acid 
was cooled to liquid nitrogen temperature and irradiated. Some samples were 
examined in the paramagnetic resonance spectrometer and the amount of 
atomic hydrogen determined. Other samples were warmed and the hydrogen 
gas collected and measured. In sulfuric acid, where the results are now most 
complete, there is a very striking correspondence between the hydrogen gas 
formed and the atomic hydrogen. This is probably the only radiation chemical 
study in which an intermediate has been identified and measured by a direct 
method and the relation of the intermediate to the final chemical product 
demonstrated. 

In the irradiation of the three acids, unpaired electron species, presumably 
free radicals, other than atomic hydrogen are also formed. These species have 
not been identified. In sulfuric acid, for example, in addition to the pair of 
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atomic hydrogen lines there is very strong microwave absorption over a wide 
spread of frequencies in a region intermediate to the frequencies of the two 
lines. Heavily irradiated frozen sulfuric acid is amber in color. Upon warm- 
ing to —175°., the atomic hydrogen lines disappear. In one experiment, 
warming to —110° C. caused the central strong microwave absorption to dis- 
appear and at the same time the amber color to bleach. This particular experi- 
ment was done with sulfuric acid diluted with water to a five-to-one ratio of 
water to acid (mole ratio) and quickly frozen to a glass. 

Very frequently the magnetic nature of the unpaired electron is so sensitive 
to the environment of the free radical that in powdered or glassy samples the 
microwave absorption is spread over a range of frequencies (broad line) while a 
single crystal sample gives one or more sharp lines, the frequencies of which 
change as the crystal is rotated in the magnetic field. This effect is not present 
for atomic hydrogen but is present for many other species including the broad 
line in irradiated sulfuric acid. For this reason much of our present work is 
being done with single crystals. Examination of irradiated single crystals 
of the monohydrate and dihydrate of sulfuric acid has verified, for example, 
that the broad absorption is broad because of the environmental effect. Other 
single crystals that have been examined and are now being studied include 
calcium hydroxide, calcium tungstate, calcium carbonate, hydrogen peroxide 
and ice. In irradiated calcium hydroxide evidence has been obtained for the 
presence of the OH radical. In this case the OH persists at temperatures 
almost all the way up to 0° C 

One of the challenges in applying paramagnetic resonance to radiation chem- 
istry is to observe free radicals in liquid samples during the actual course of 
irradiation at room temperature. Although this is a difficult experiment with 
only a moderate probability of success the results would be so useful that it 
must be tried. Accordingly paramagnetic resonance equipment has been set 
up at a Van de Graaff generator where very high radiation doses with electrons 

“an be obtained. A suitable magnet has been designed and put into operation 
such that the entire electron beam can be brought into the magnetic field, and 
thus the irradiation can be carried out simultaneously with the paramagnetic 
resonance observation. It is now hoped that with improved spectrometer sensi- 
tivity free racials will be seen in irradiated liquid systems. 
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Representative Price. The next witness is Dr. Henri Levy. He 
has been a member of the Chemistry Division of the Oak Ridge Na- 
tional Laboratory since 1945, where he has worked in the general field 
of nuclear and radio chemistry. Dr. Levy will discuss for us this 


morning the study of the molecular structure with the use of the 
neutron diffraction technique. 
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STATEMENT OF DR. HENRI LEVY,’ CHEMISTRY DIVISION, OAK 
RIDGE NATIONAL LABORATORY 


Dr. Levy. It is a great pleasure to be with you to talk to you about 
the work I have been doing at the Oak Ridge National Labor atory. 

When atoms combine chemically, they do so in definite geometric 
patterns. That is, the distances in between atoms when they have 
combined, and the angles of contact, are characteristic of the given 
molecule. The discovery of these quantities is fundamental to a phy si- 
cal picture of what the molecule looks like, and in a sense fundamental 
to an understanding of how molecules behave and an understanding 
of chemistry itself. 

Since about 1913 there has been available to the chemist and physi- 
cist a tool for directly measuring positions of atoms and molecules, 
namely, the diffraction of a suitable beam of radiation. The early 
work utilized X-rays as this probe. Later on, it was found that 
complementary information could be obtained by using electron 
beams. 

There is now a third tool which supplements these two and it has 
come about because of the development of nuclear reactors, which are 
very rich sources of slow neutrons. ‘That is the tool, neutron diffrac- 
tion, which I wish to talk about today. 

The neutron possesses some unique properties which allow it to give 
us information that these other tools cannot give, and makes it a very 
valuable supplement to the other methods. The diffraction of X-rays 
and electrons has been very enormously fruitful in exploring the 
constitution of matter in the last 40 to 50 ye: irs, and it continues to be 
so. The application of neutron diffraction gives us additional kinds 
of information. 

The experimental material for a study of this kind is a crystal. 
An example of what a crystal looks like is given by this model of 
boron carbide which you have seen. 

The kind of study we are making is the study that allows us to 
build this model, and tells us where these balls should be placed and 
what kind of atoms each should represent. A crystal, as you know, 
is a solid material whose internal structure has an exactly repeating 
characteristic, as we see here. There is an exact repetition from here 
to here. 

It is this exact repetition, which is reminiscent of the pattern one 
finds in wallpaper, which makes it possible to obtain such detailed 
information about the internal structure of materials. 
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SCHEMATIC DIAGRAM OF NEUTRON 
DIFFRACTION SPECTROMETER 


My first diagram (fig. 1.) is a schematic diagram of a diffraction 
experiment, in ‘this case a neutron diffraction experiment. A beam of 
slow neutrons is allowed to emer ge from a nuclear reactor, and a de- 
vice is inserted which selects from this beam only those neutrons hav- 
ing one single velocity. This is necessary for the interpretation of the 

results which we obtain by the measurement. This beam of single ve- 

locity of neutrons is allowed to impinge on the specimen which is 
being studied, a small single crystal perhaps an eighth of an inch in 
diameter and a quarter inch tall in a typical case. Some of these 
neutrons are scattered. Their direction 1s changed when they im- 
pinge on the sample. 

The intensity of scattering depends on the angle of scatter and this 
dependable can be me: sured if we have a neutron counter which we 

can orient at various angles with respect to the primary beam of neu- 

trons. It also depends on the aspect that the crystal presents to the 
primary beam. So if we tilt a single crystal in some direction or 
other, we will change the intensity of neutron scattering. These 
measurements must be interpreted now to give the information we 
desire. This must be done by mathematical analy sis. 

To draw an analogy, if we wish to examine a ‘small object under an 
ordinary optical microscope, we shine light upon the object and 
observe the manner in which this light is scattered. Fortunately, 
with ordinary light one can insert an eyepiece which combines the 
scattered light into a coherent image and we see an enlarged picture 
of the object we are examining. This is not possible when one is deal- 
ing with X-rays or electrons or neutrons. There is no material which 
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is known which can be used to form a lense. One must then gather 
in the scattered radiation, whatever it may be, and analyze its dis- 
tribution mathematically and synthesize the image that we want. 

I have said that the neutron possesses certain unique characteristics 
which make it a valuable tool for this kind of study. I would like 
to enumerate some of the studies for which it is uniquely useful. 

First of all, the study of atomic positions in a material which 
contains both light and heavy ions. This is the type of study that 
I have been conducting principally and which I will spend most 
of my discussion on today. 

Second, the neutron is capable of detecting the magnetic properties 
of magnetic atoms by a type of scattering process which involves the 
magnetic property of both the atom and the neutron. In materials 
which contain magnetic atoms in an ordered array, the application 
of neutron diffraction can give us a deep understanding and a de- 

tailed picture of how these little magnets are arranged in the mate- 
rial. Neutron diffraction in recent years has made “possible a great 
deal of progress into the understanding of magnetic materials. 

Third, the neutron is uniquely useful in studying materials which 
contain atoms which are nearly alike, which have atomic numbers, or 
numbers of electrons, that differ very slightly. 

Fourth, the method has proved exceptionally useful in studying 
the thermal motion of atoms in crystals; that is, how rapidly they 
move and how far they move by virtue of their temperature. 

Fifth, the method gives us information on the existence and dis- 
tribution and the kinds of imperfections in solid materials. In this 
respect it has made some contributions to our knowledge of metals. 

Let me return to the first type of study, the examination of ma- 
terials containing light atoms. Most of my remarks will be devoted 
to the placement and description of atoms of hydrogen, since these 
are the lightest of all atoms and the most difficult to observe by the 
other techniques. 

Hydrogen occurs very commonly in materials in which the chemist 
is interested. For example, it is a principal component of all biologi- 

cal material and the chemical compounds which are important in 
life processes all contain hydrogen atoms. If we can learn something 
about how hydrogen atoms are disposed in molecules, we can con- 
tribute to our underst: nding of these materials and these processes. 

It has long been recognize d, for ex: unple, that hydrogen atoms are 
important in one type ‘of interaction which tie molecules together. 
This is known as hydrogen bonding, and we are able by this kind of 
examination to obtain some insight into the nature of this attractive 
force. 

Now I would like to review rapidly the results of some of our recent 
studies. 

My first example is the structure of ordinary ice. Ice is composed of 
molecules H,O, the same as water, and the examination of crystals of 
ice by neutron diffraction has disclosed the positions in space of both 
the hydrogen atoms and the oxygen atoms. 
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CRYSTAL STRUCTURE 
OF ICE 


On the left is a drawing (fig. 2) which represents the structure of 
crystals of ice. The large circles represent oxygen atoms, the small 
circles represent hydrogen atoms. Ice is an unusual crystal in that the 
position of these atoms is not unique. Usually it is in most materials. 

In the case of ice, there are alternative positions for the hydrogen 
atoms. A hydrogen atom may be located in a position here or here, 
here or here. The interpretation of our neutron diffraction data dis- 
closes this disorder. The disorder, however, is such as to always leave 
a molecule intact. There are always 2 hydrogen atoms close to any 
1 oxygen, as indicated on this chart. It is as though the molecule 
H.O does not quite know which way to turn—whether the hydrogen 
atoms should face this way, this way, or this way. 
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The manner in which we obtain the actual results of our measure- 
ments is illustrated by the diagram over here on the right (fig. 3). 
This is a contour map showing the density of scattering material. The 
peaks of this contour map represent the atomic positions of the hydro- 
gen and oxygen atoms which are so close together that we cannot 
resolve one from another. 

The width of these peaks, how large the circle is which represents 
the half height of the peaks, tells us how much the atom is moving by 
virtue of its temperature. 

In this diagram (fig. 4), the topographic map is shown in more de- 
tail. The distance between hydrogen and oxygen in the water molecule 
is given by measuring the distance from this peak to this. It turns out 
to be approximately one Angstrom unit, an Angstrom unit being 
approximately four-billionths of an inch. 

We can see from the structure that the hydrogen atoms lie in a 
bridging position from one oxygen to the next. This is an example of 
the hydrogen bond of which I spoke. It turns out from a study of 
some dozen materials that contain hydrogen bonds between oxygen 
atoms that there is a correlation between the distance from oxygen to 
hydrogen and the distance from oxygen to oxygen at the other end of 
the bridge. 

I will have a few more words to say about that later. 

My second example is a material which contains an organic acid, 
oxalic acid, 2 carbon atoms, 4 hydrogen atoms, and 2 oxygen atoms, in 
combination with a water molecule, oxygen and 2 hydrogens. Again 
we find that the hydrogen atoms place themselves in positions which 
bridge 1 oxygen from another, in this case 1 oxygen atom from an acid 
toa water molecule. 

These hydrogens are on bridges from this water oxygen to another 
acid oxygen. ‘This forms a three-dimensional network of bridging 
hydrogen atoms which hold the crystal together and account for its 
stability. In this case the structure in 3 dimensions was deduced from 
2 contour maps which represent different views of the structure, and 
which are shown in their relation to structure here. 

My third example is a material which comes a little bit closer to 
biochemically interesting compounds. This material is called N-acetyl 
glycine. It contains a grouping which is believed to be characteristic 
of the protein molecules which constitute so much of living matter. 
This grouping is called the amide group and it consists of a carbon, 
oxygen, nitrogen, and another carbon atom with a hydrogen atom 
attached to the nitrogen. In a protein molecule this unit is believed 
to be repeated many, many times with the atoms connected with chem- 
ical bonds. 

The characteristic attraction which ties protein molecules together 
is believed to be a hydrogen bridge from nitrogen to an oxygen atom 
of an adjoining molecule or of another part of the same molecule. In 
fact, a very recently developed theory assigns to this bridge an im- 
portant role in a possible mechanism for the hereditary process, for 
the reproduction of genes in the chromosomes. This material is very 
simple as compared to these biologically interesting things, but it may 


give us a lead in understanding some of the more complex phenomena 
in which we are so interested. 
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In this material there is another hydrogen atom which bridges 2 | 
oxygen atoms of adjoining molecules at this point, and in this case 
there are still other hydrogen atoms here (fig. 5), and actually 3 more 
which we cannot distinguish in this diagram which do not form 
bridges at all. These are attached to carbon atoms. 
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Finally, I would like to return to this correlation I have mentioned 


between the distance of hydrogen atoms from oxygen atoms and the 
length of the bridge of which it isa part. 
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A dozen or so studies of different crystals have been made, and the 
diagram here (fig. 6) shows the distance from oxygen to hydrogen 
found in these several cases plotted on a vertical axis against the oxy- 
gen-to-oxygen distance plotted on the horizontal axis. While there is 
some scatter, which means that there are some effects that we don’t 
quite understand, there is certainly a strong correlation. ‘The longer 
the oxygen-oxygen bridge, the shorter is the oxygen-hydrogen distance. 

This correlation is informative to us because it gives us some idea 
of the nature of the attraction which exists in the bridge. We can 
imagine that in the bridge the hydrogen atom bears a positive charge. 
It will exert an attraction for the cloud of electrons which surrounds 
the oxygen atom of the neighboring molecule and be pulled in that 
direction for greater stability. At the same time, its distance from 
the oxygen atom in its own molecule will be stretched a little bit. 

Actually, a theory has been developed based on this simple model 
and the main aspects of this correlation are reproduced in a quite satis- 
fying manner. 

Now I would like to close with just a few words about the role of 
this kind of study, the study of the structure of molecules in the 
broader aspects of chemical research. 

What it gives us is a measure of understanding of how molecules 
behave. The chemist, in trying to understand chemistry, is usually 
after two different kinds of information. We have already heard 
these mentioned this morning. He wants to know what are the stable 
arrangements of atoms in molecules, what positions, what interrela- 
tions they find which gives the molecule greatest stability. 

This kind of study ‘bears directly on that, since we are studying 
molecules in their normal stable conditions. 

It goes further than that, however, for we can try to infer, and 
with some success we have inferred, the nature of the forces that hold 
these atoms together. This gives us the information for deducing 
or for guessing at the nature of the energy surfaces which Dr. 
Bigeleisen mentioned in his talk. 

In combination with many other lines of attack, the studies which 
I have described here are little by little giving us the understanding 
which we seek. 

Representative Pricr. Does that complete your statement, Doctor? 

Dr. Levy. Yes. 

Representative Price. Doctor, do you work with the biologists in 
the study of photosynthesis and the mechanism of life ? 

Dr. Levy. No, our work has had no connection with this kind of 
program. We are interested, however, in compounds which are also 
of interest to the biologists. Unfortunately, our tool is as yet in a 

-ather early and crude stage and we cannot directly examine the very 
complicated molec ules that the biologists are directly interested in. 
We must approach it in an indirect, way in the manner which I illus- 
trated with this organic molecule. 

Representative Price. Mr. Durham. 

Chairman Durnam. I have no questions. 

Representative Price. Mr. Hosmer? 

Representative Hosmer. Dr. Levy, Dr. Friedlander testified yester- 
day with regard to high-energy proton bombardments. Were you 
here at that time ? 

Dr. Levy. Yes, I was. 
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Representative Hosmer. Would you relate what you are doing to 
the type of work he is doing ? 

Dr. Levy. Dr. Friedlander is interested in the reactions of nuclei 
which come about when a very large amount of energy is put into 
the reaction. My work is concerned with molecules in their normal 
state. The energies involved are very, very much smaller. They are 
orders of magnitude smaller. 

If a crystal containing a molecule is bombarded with a high-energy 
proton we would in all likelihood have no molecule left in the crystal. 

Representative Hosmer. Thank you. I just wanted to get that dis- 
tinction between what you were doing. 

Representative Price. Thank you very much, Doctor. 

Your prepared statement will be inserted in the record at this point. 

(The statement referred to follows:) 


STupY OF MOLECULAR STRUCTURE BY NEUTRON DIFFRACTION 


Henri A. Levy, Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, 
Tenn. 


When atoms combine chemically to form molecules, they do so in definite 
geometric patterns. Thus the distances between atoms and their angles of con- 
tact are characteristic of a given molecule, and discovery of these attributes 
allows one to form a physical picture of the molecule. Such a picture is basic 
to an understanding of the way molecules behave; that is, in short, to a funda- 
mental understanding of chemistry itself. 

Since 1913, there has been available a tool for direct measurement of atomic 
positions, namely, the diffraction of suitable wavelike radiation. The early work 
utilized X-rays for the probing beam; later the use of electron beams was found 
useful. Application of these research tools has been and continues to be enor- 
mously fruitful. 

The development of nuclear reactors has added a third kind of probe to the 
chemists’ and physicists’ store—the use of slow neutron beams. The neutron 
possesses certain unique properties which make this agent a very valuable sup- 
plement to the older methods. 

The experimental material for this kind of study is a crystal—a solid mate- 
rial whose internal structure consists of an exactly repeating unit. This repeti- 
tion, which may be likened to the repeating pattern of wallpaper, makes pos- 
sible the extraction of detailed information. My first illustration, figure 
1 (p. 191), a diagram of the neutron diffraction experiment, depicts a narrow 
beam of neutrons of a single velocity emergent from a reactor, striking a crystal- 
line specimen, and being scattered. A neutron countermeasures the number of 
neutrons at any angle, and for any aspect of the sample. These are the measure- 
ments which yield the information we desire. This process may be likened to 
the behavior of a microscope which lacks an eyepiece and which consequently 
yields a jumbled pattern of light and dark rather than a sharp coherent image. 
One must synthesize the image by mathematical analysis from the intensities 
of the scattered rays. 

The unique characteristics of neutron beams, as contrasted with X-ray and 
electron beams, have made at least five kinds of studies especially fruitful : 

1. The accurate location of lightweight atom when present in a molecule with 
heavier atoms. This is the principal subject of my research, which I shall dis- 
cuss today. 

2. The study of crystals containing atoms of nearly the same atomic number. 
This kind of study has clarified some problems in the field of metal alloys. 

3. Structural studies of crystals containing ordered magnetic atoms. This 
field of physics has been greatly advanced in recent years by neutron diffraction. 

4. The study of vibrations in crystals and other materials which describe the 
constant motion atoms possess in relation to their temperature. 

5. Studies of imperfections in crystalline materials. These studies have made 
contributions to our knowledge of metals. 

My work in determination of molecular structure has been mainly concerned 
with the location of atoms of hydrgen, the lightest of all atoms. Because of 
its widespread occurrence, including for example all biological material, hy- 
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drogen atoms play an important role in many aspects of chemistry. They have 
long been recognized to be involved in some types of chemical binding within 
and between molecules. Furthermore, the accurate location of hydrogen atoms 
is feasible by neutron diffraction, but not in general by the older techniques. 

I wish now to present a few examples of the results of this kind of study. 
The first is the atomic structure of ice, composed as is well known of molecules 
containing hydrogen and oxygen, H.0. The illustration (fig. 2, p. 193) shows, 
on the left, a drawing of the atomic positions. Now ice is an unusual crystal 
in that its structure is not quite definite; that is, there are alternative, rather 
than unique positions in which the hydrogen atoms are found. The drawing 
shows this disordered aspect, which is revealed by an analysis of the neutron 
diffraction measurements. On the right is a diagram which is one form in 
which the result is obtained. It is a contour map, similar to a topographic map, 
in which the “peaks” represent the atoms in the crystal. It is shown in greater 
detail in the next illustration (fig. 3, p. 194). The breadth of a peak dis- 
closes the degree to which the atom is in motion. One can see that the hydro- 
gen atoms form bridges between molecules. This arrangement recurs in many 
hydrogen-containing materials, and is an example of what is called hydrogen 
bonding. 

The next example is oxalic acid dihydrate, a crystal containing molecules of 
an organic acid (COOH). and of water (H:0). Again the hydrogen atoms 
are situated in bridging positions. Here the structure in three dimensional 
space was deduced from two different views of the structure. Of particular in- 
terest to the chemist is the distance of a hydrogen atom from its oxygen neigh- 
bor, here measured in Angstrom units (one Angstrom unit is about four bil- 
lionths of an inch). A correlation exists between the distance oxygen-to- 
hydrogen and that of oxygen-to-oxygen in a bridge such as occurs here; this 
will be discussed further. 

A third example shows a material, N-acetyl glycine, which bears a chemical 
similarity to protein molecules. The group in question is the amide group 
(CO)C(NH), which occurs in the basic skeleton of proteins. Here (fig. 4, 
p. 195) the hydrogen atom is seen to bridge from one molecule to a neighbor- 
ing one. It is probable that it plays a similar role in the much more complex 
structure of proteins, and a recently developed theory has assigned to this 
bridge an important role in the reproduction of genes in the hereditary process. 
In this crystal, a second hydrogen atom bridges neighboring molecules at another 
point, while still other hydrogen atoms, this time bonded to carbon atoms, do 
not form bridges. 

A final diagram (fig. 5, p. 197) shows the correlation between O-H distances 
and O-O bridge length as disclosed by some dozen studies of materials contain- 
ing this feature. It is seen that the shorter the bridge, the longer is the O-H 
link. This correlation is informative, as it suggests the nature of the hydrogen 
bond. One can picture the hydrogen atom, bearing a partial positive electrical 
charge, exerting an attractive force on the electron cloud surrounding the oxygen 
atom of the neighboring molecule, and in consequence being pulled away from 
the closer oxygen atom in its own molecule. A quantitative theory based on 
this qualitative picture has been developed and reproduces the main features 
of the correlation in a satisfying manner. 

I wish to close this report with a few statements descriptive of the role of 
molecular structure in the broader aspects of chemical research. In his search 
for an understanding of chemical phenomena, the chemist seeks two kinds of 
information: What are the stable arrangements of atoms; and how rapidly, 
and by what paths, do atoms rearrange from less stable to more stable con- 
figurations. Molecular structure bears directly on the first of these. Indirectly, 
however, it does more, for from the results one may hope to deduce the nature 
of the forces which govern chemical behavior. In combination with many other 
lines of attack, this direct examination of molecules is contributing to the basic 
understanding which we seek. 
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Representative Price. The next witness is Dr. Donald F. Peppard. 
Dr. Peppard has been a member of the Chemistry Division of Ar- 
gonne National Laboratory since 1946, and has done most of his re- 
search in heavy element chemistry and in liquid-liquid extraction 
separations. 


STATEMENT OF DR. DONALD F. PEPPARD,' CHEMISTRY DIVISION, 
ARGONNE NATIONAL LABORATORY 


Dr. Perrparp. Some of the speakers were talking about some highly 
specific measurements of great importance to the atomic energy pro- 
gram. Today I would like to point up the necessity of having sub- 
stances of high purities in these measurements. 

For example, one could go to a great deal of trouble and expense 
to determine the fissionability of a nuclide and find that he had really 


1 Born Flanagan, Ill., October 8, 1912; bachelor of science, scholarship medal, 1937; 
doctor of philosophy, inorganic chemistry, 1939, the University of Illinois. Married in 
1946: 4 children. 1939-40, Lewis Institute of Technology (now incorporated into Lllinois 
Institute of Technology), instructor in inorganie and physical chemistry ; 1940-41, Illinois 
Institute of Technology, instructor in inorganie and physical chemistry; 1941-43, Uni- 
versity of Chicago, research fellow in inorganic chemistry; 1943-45, University of Chi- 
eago, instructor in inorganic and physical chemistry ; 1945-46, Lindsay Chemical Co., West 
Chieago, Ill., inorganic research and development on thorium and rare earths (from 
monazite) : 1946 to date, Argonne National Laboratory, inorganic research and develop- 
ment. group leader. 

Fields of research: Inorganic stereoisomerism, structure of esters of silicic and phos- 
phoric acids, natural occurrence of neptunium and plutonium, separation of rare earths 
and actinides by liquid-liquid extraction, general contributions to theory of liquid-liquid 
extraction, mechanism of extraction by phosphoric acid esters, chemistry of heavy elements. 

Member: American Chemical Society, Phi Lambda Upsilon, Phi Kappa Phi, Sigma Xi. 
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determined the fissionability of the impurity rather than that of the 
nuclide he though he was studying. Likewise, as is well known, the 
initial studies in attempting to get a chain reaction going were un- 
successful because the starting material was not sufficiently pure. 

These separations problems range all the way from separating mul- 
titon quantities of uranium for preparation for fuel down to separat- 
ing the product plutonium and finally down to matters of counts per 
minute of fallout radioactivity. So the separations problems have 
quite a wide range. 

Today we would like to discuss the application of liquid-liquid 
extraction to these separation problems. I am not sure how well these 
liquid-liquid extraction demonstrations will show up. 

Representative Price. Doctor, why do you say liquid-liquid ? 

Dr. Perparp. We are going to use two liquids which essentially fail 
to mix together. You may “phy sically mix them and they will dis- 
engage, which will give you two separate phases which may be sepa- 
rated from each other. 

I would like, now, to talk about the particular part of the periodic 
table that we will be discussing. This is essentially the same as the 
table Dr. Gilles showed. If I can find his, I will use it, with his 

permission. 

In this periodic table, we are primarily interested in the elements 
down in this range: scandium, yttrium, lanthanum, and actinium, and 
the lanthanides, which resemble lanthanum, and the actinides, which 
resemble actinium. 

You might very well ask why we are interested in this, since the 
chemistry ‘has been adequately worked out for gross scale operations. 
Weare interested, however, in particular cases in 1 which we hope liquid- 
liquid extraction will perhaps give an easier or at least a supplementary 
answer to the separations problems. 

In the separations in which one can jump from one part of the table 
to the other, for example, if one is interested in separating calcium 
from gallium, the separation would be easy, because the elements do 
not resemble each other markedly. 

On the other hand, when we get to elements which are chemically 
very similar, our se arations problems are much greater. These prob- 
lems can be simplified tremendously if we can force these elements to 
achieve what is known as a different state of oxidation. 

For example, cerium may be separated easily from praseodymium. 
Likewise, as I will show in the chart later on, thorium, protactinium, 
and uranium, although next to each other, may be separated very easily, 
because they may be forced to attain different valency states. As a 
matter of fact, these are pretty stable at 4, 5, and 6, respectively. 

On the other hand, in this lanthanide region the elements persist in 
being in a three valent state, and the separations are much more 
difficult. ‘The separations in the “far” actinide region are difficult for 
the same reason. 

In other words, elements which are otherwise chemically very simi- 
lar may be separated quite easily, provided they can be forced to take 
different valency states. However, the difficult problem is the one in 
which various valency states are not ‘available. 

Let me talk a little bit about the demonstration I was doing with 
the graduated cylinders. There is a trace of red color in the upper 
phase. Let us consider this liquid-liquid extraction, I will diagram 
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this very roughly on the board, and say that this is the light phase 
and this is the heavy phase of two liquids which may be mixed me- 
chanically and then separated into two separate phases. 

You will notice that the red solid which I have dissolved in this 
mixture of phases insists on ee entirely in the lower 
phase. So, if we are talking about the concentration in the light 
phase and the concentration in the heavy phase, we say that this ratio 
of concentrations, by definition, is our distribution ratio, K. In this 
case, K is obviously a whole lot less than one. It is very small. So 
the distribution ratio, then, I will write as Kren, to mean that it is the 
distribution ratio for the red substance. 

In this graduated cylinder I have the same thing plus a new sub- 
stance, in this case a blue one. Note that the blue solute prefers the 
upper phase. We write a corresponding expression, Kgiye=C1/Cu. 

A very ah quantity in liquid extraction is the ratio of these 
two Ks, 8=Krrp/Kaive. If this beta (8) isa large value considerably 
in excess of one, then the separation may be mae reasonably simply. 
If it is big as 1,000, as it frequently it is, it is almost absurdly easy, 
— where there is radioactivity to contend with. We don’t have 
any here. 

When one gets down into the region where beta is less than two, he 
begins to run into serious trouble. In most of these cases in the tri- 
valent lanthanides and actinides, the beta for 2 elements next to each 
other is in the range of 2 or less. 

We feel that we have contributed a major finding in a system which 
we have originated and developed in which beta is 2.5. The best beta 
previously reported was 1.6. 

I would like to present this figure (fig. 1, p. 207) to show what hap- 
pens as one increases beta. This is for what is known as countercur- . 
rent extraction. I think you are all familiar with the general princi- 
ple in the gaseous diffusion setup in which you use a great number of 
stages in order to multiply a relatively small effect. One knows that | 
if this beta value is only 1.3, one has to be clear out here (on the chart, | 


} 
- 


fig. 1) at 55 stages in order to get a separation factor of roughly 10. 

In other words, in order to clean your substance up by a factor of 
10, you require this large number of stages. By the time you are up | 
at a beta value of 214, you have cleaned this up by almost 100,000 with | 
the same number of stages. If you say that the cleanup required is 
some constant figure, then obviously the number of stages required will | 
decrease as beta increases. 

You notice that a beta value of 10 makes such a separation very easy. | 
Two and a half begins to make it a major proposition, and this is a 
system that we have been investigating for the rare earths. 
The second chart, please (fig. 2, p.208). I will try to hurry through 


these a bit. 

This shows the case of thorium, protactinium, and uranium which 
are next to each other; but since they exist in different valent states, 
one succeeds in getting distribution ratios sufficiently different, so that | 
the separation is very easily accomplished. By utilizing a sort of 
chromatographic technique very similar to that employed by the ion- | 
exchange men, one gets a product which is primarily thorium, one . 
primarily protactinium, and one primarily uranium. 
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These separations are based on various stable states of oxidation. 

The next chart (fig. 3, p. 209) shows separations based on differ- 
ences in unstable states of oxidation. 

You will notice that neptunium (IV), in other words, in the fourth 
state of oxidation, having lost 4 electrons, has a distribution ratio K 
of roughly a thousand at 12 M@ HCl. Plutonium (III) is roughly 
one-tenth. So one has at his disposal a factor of roughly 10,000 in 
difference of betas. Consequently, neptunium (IV) may be sepa- 
rated very readily from plutonium (III) and uranium (VI). 

You will notice that neptunium (VI) has a distribution ratio even 
lower than uranium (VI). So it (neptunium) has a distribution 
ratio which differs by a factor of 1,000, depending upon its state of 
oxidation. Thus, separation of neptunium is easily accomplished, 
because one can change the state of oxidation. 

I would like, now, to talk about the more common and uncomfortable 
case in which the state of oxidation is unfortunately determined for 
you by nature. In this case, figure 4 (p. 210), we have the distribu- 
tion ratio of the lanthanides plotted as a function of atomic number. 
In other words, ranging across from Lanthanum No. 57 all the way 
over to lutetium, which is No. 71. Below the line is the corresponding 
plot for the actinides in terms of the monotonic sequence. 

You will notice that the distribution ratio does continue to go up. 
You will notice, further, that the slope of the curve is not very great. 

I want you to bear in mind that these are not all based on the same 
plot, so that this slope [right plot], although it looks similar to this 
{central plot], is much, much more steep because of the way it has 
been plotted. 

Here [right plot] we have a system using dioctylphosphoric acid 
as an organic extractant which differentiates by a factor of two and 
a half between adjacent lanthanides, giving us a total spread of 100,000 
between the first member (57) and the last member (71). ‘This system 
is perhaps feasible for fractionating the trivalent rare earths and 
pseudolanthanides, including actinides. 

I would like to talk a bit about dioctylphosphoric acid. This is 
an organic phosphoric acid and the mechanism of extraction is repre- 
sented by one trivalent ion reacting with 3 of these molecules to give 
off 3 hydrogen atoms (fig. 5, p. 212). As a consequence, we have a 
system which can be controlled by the concentration of the solvent in 
the organic phase and the concentration of the hydrogen ion in the 
aqueous phase. 
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This system has been applied to fractionation of so-called “75 per- 
cent yttrium oxide” which is a mixture of all the rare earths found in 
monazite. This system was used to do this, using only seven stages. 
In the 7 stages, we set this up in such a way as to get a yield of approxi- 
mately 90 percent of the yttrium (fig.5). It has all been normalized 
to 1,000 parts of yttrium. 

You will notice that the erbium-to-yttrium ratio is roughly 120 to 
1,000 in the feed. It is essentiallly the same in the product, which 
means that the yttrium in the product has been essentially freed from 
all the elements to the left of dysprosium and still has all the elements 
to the right in it. 

So, by making a second pass, if we were interested in cleaning up 
erbium, we could get rid of thulium and these others on this same 
side, so by utilizing the system twice, we manage to cut erbium out 
of the herd and get it purified. This is a system which has been tested 
on the 150-gram scale as well as the tracer scale. 

I should add that all of the preliminary data were obtained by 
using radioactive tracers. The final data were obtained on the 1-liter 
contactor scale. 

I would like to talk just a bit about the system itself (fig. 6, p. 213). 

You will notice that in this system, if we plot the log of the distri- 
bution ratio, K, as a function of the atomic number, in other words, 
coming across on the lanthanides to the higher atomic weight, yttrium 
behaves as though it had an atomic number of 67.5. 

Americium, which is a pseudolanthanide, behaves as though it were 
roughly atomic No. 60. So in this system we have yttrium behaving 
as an interference, americium and a great number of actenides behav- 
ing as interferences, and we find, as a result, that this system is not 
directly applicable to separation of pure fission product rare earths. 

Another point I would like to bring out from this chart gets us into 
the theory of solvent extraction which we find every bit as interesting 
and just as important as the applications. We find that less than 1 
percent of mono-octylphosphoric acid in the dioctylphosphoric acid 
we use as a solvent is enough to distort the low end of the curve, so 
that lanthanum appears to extract several hundred times as well as 
it actually does in the pure solvent. 

This points up the necessity for studying the theory of what you 
are doing in a given solvent extraction and shows the need for estab- 
lishing the purity of the starting compounds. 

I think, probably, you woke like to come back to the demonstra- 


tions of liquid-liquid extraction to point up the final conclusion. 
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Here we have two substances which are identical in all their be- 
havior except that one is in the “plus-three” state and the other is in 
a “plus-one” state. The ved is in the “plus-one,” the yellow is in 
the “plus-three.” 

You will notice that separation appears to be essentially quanti- 
tative. As a scientist, I am inclined to take issue with anyone who 
claims he has a quantitative separation, because by quantitative you 
simply mean you have exhausted the means available to you of prov- 
ing ag purity; and you have not really said that it is quantitative 
at all. 

In other words, you are assuming that this K holds all the way 
down to a vanishing concentration and that your separations are 
never truly quantitative. They are just essentially so and quantita- 
tive for purposes of calculation. 

As I have said, we have gone on into the theory of how these solv- 
ents work. We hope to establish a little bit more about getting a 
better beta value. We have established that a beta value of 2.5 is 
enough to make fractionation of rare earths on a large scale at least 
worthy of a try, and we hope to implement this later on by a study 
involving roughly 50 stages of automatic countercurrent equipment 
which we are having devised for this purpose. 

Thank you. 

Chairman Durnam. Are you working in sea water? 

Dr. Preprarp. We have done some work in sea water, as a matter 
of fact. We have utilized this particular solvent—so has Don Stewart 
in our laboratory—for evaluating the uranium content of sea water 
and evaluating the magnesium content. It is an ideal way of achiev- 
ing a very rapid concentration. 

epresentative Price. Thank you very much, Doctor. 
Dr. Perrarp. Thank you, sir. 
(The prepared statement of Dr. Peppard follows:) 


Liquip-LIQUID ExTRACTION TECHNIQUES FOR THE SEPARATION OF LANTHANIDE AND 
ACTINIDE ELEMENTS * 


Dr. Donald F. Peppard, chemistry division, Argonne National Laboratory, 
Lemont, IIL. 


The two techniques most widely applicable to the solution of chemical separa- 
tions problems encountered in the field of atomic energy are those of ion 
exchange and liquid-liquid extraction. In brief, the latter technique consists of 
the distribution of a solute between two sensibly immiscible liquid phases, one 
of which is usually an aqueous phase and the other an organic extractant, 
perhaps in a diluent such as kerosene. The distribution ratio, K, defined as the 
concentration of solute in the organic phase divided by the concentration of 
solute in the aqueous phase, is, then, a measure of the extraction of the solute. 
If the K values for solutes A and B differ, then A and B are separable; and 
the greater the ratio of Ka to Kz the more readily, in principle, may the separa- 
tion be performed. (See fig. 1.) 


1 Based on work performed under the auspices of the U. S. Atomic Energy Commission. 
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In some instances, these two techniques appear to be competitive (e. g., con- 
centration of uranium from low-grade sources); in others, they are com- 
plementary (e. g., ion exchange for the final preparation of products isolated 
by liquid-liquid extraction) ; in others, ion exchange is the preferred technique 
(e. g., mutual separation of americium (III) and curium (III)); in others, 
solvent extraction is the preferred technique (e. g., processing of neutron- 
irradiated uranium for plutonium). 

The lanthanides (rare earths), comprising a consecutive group of fifteen 
elements, normally exhibit a plus three state of oxidation as does yttrium, 
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a pseudo-lanthanide. The actinides, a group of consecutive elements beginning 
with actinium and including thorium, protactinium, uranium and the trans- 
uranium elements are in many ways analogous to the lanthanides; but the 
departures from the plus three state of oxidation are more numerous. 

In those cases in which a lanthanide (or actinide) in one stable state of 
oxidation is to be separated from other lanthanides (and/or actinides) in a 
different stable state of oxidation, the separation is, in general, most conveniently 
effected by liquid-liquid extraction (e. g., separation of Pa(V) from Th (IV) 
and U(VI), separation of the Th(1V) from lanthanides (III), separation of 
Th(IV) from U(VI), ete.). (See fig. 2.) Liquid-liquid extraction is, perhaps, at 
even greater advantage in cases in which the product element may be made to 
assume two or more different valence states (e. g., separation of Pu as 
Pu(IV) or Pu (VI) from lanthanides (III) and as Pu(III) from U(VI), 
separation of Np (IV) from Pu(III) and U(VI), etc.). (See fig. 3.) 
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Liquid-liquid extraction is the preferred technique in the above cases, because 
the extraction behavior of a given element is strongly influenced by its oxidation 
state, and consequently the product element and the contaminant elements have 
widely different extraction characteristics, i. e., widely different K values. 
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However, in instances in which the components are necessarily all in the same 
state of oxidation, M (III), the K values are not widely different (fig. 4), and 
ion exchange has offered the preferred approach. For example, in a particular 
system involving an organic phosphate extractant and aqueous nitric acid, 
the K for Bk(IV) is nearly 1,000,000 times greater than that for Bk(III), but 
the K for Bk (III) is only 1.5 times that for Cm(III). Consequently, the separa- 
tion of Bk as Bk(IV) from Cm(III) is easily realized by liquid-liquid extrac- 
tion, but the separation of Bk (III) from Cm (III) requires ion exchange for 
its ready accomplishment. 

The ease with which a single “stage” of separation may be multiplied many- 
fold in ion exchange compared with the relative difficulty of multiplication 
of stages in liquid-liquid extraction explains the dominance of the former tech- 
nique in separations in which the separation factor, B, defined as Ka/Ks, is small. 
(See fig. 1 for dependence of degree of separation upon £.) 

Consequently, the application of the ion exchange technique to the problem 
of separating individual lanthanides(III), i. e., rare earths, and yttrium (III) 
has justifiably constituted a major portion of the effort expended on the solu- 
tion of these specific separations problems. 

So long as the quantities involved are of the order of kilograms or tens of 
kilograms there seems little chance that liquid-liquid extraction can become 
competitive with ion exchange for the separation, from their natural admixtures, 
of individual rare earths in a high degree of purity. However, for problems 
involving multiton production per year and/or preliminary concentration of 
a given rare earth or group of rare earths, liquid-liquid extraction may well 
be the more economical approach. 

Consequently, a comprehensive study of the extraction behavior of lantha- 
nides (III), and of actinides(III), was begun several years ago. (See figs. 4, 5, 6, 
7.) This study, which is continuing, has led to promising systems for the isola- 
tion of individual rare earths and of yttrium from their natural admixtures 
and from process concentrates. 
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One of these systems involves the extraction of lanthanides(III) as their 
dialkyl orthophosphates into an organic carrier solvent from an aqueous phase 
containing a mineral acid (fig. 6). In this system, the K for each lantha- 
nide(III) is approximately 2.5 times as large as that for its immediately pre- 
ceding neighbor. For a given lanthanide the K is directly proportional to the 
third-power of the concentration of extractant in the organic phase and in- 
versely proportional to the third-power of the concentration of hydrogen ion 
in the aqueous phase (fig. 5). Consequently the K for a given lanthanide may 
be varied, at will, over a very wide range. 

Because of this wide range over which the K for a given lanthanide may be 
varied, the extraction conditions may be so chosen that the “partition” or “cut” 
may be made at any point. For example, the system may be operated so that 
gadolinium (Z=64) and all lanthanides of higher Z report in the organic phase 
and Eu (Z—63) and all lanthanides of lower Z report in the aqueous phase. 
If now the content of the organic phase is reconverted to a feed and processed 
again, under conditions such that the partition is between elements 64 and 65 
(the preceding partition was between elements 63 and 64), element 64, gadolin- 
ium, will be isolated as a single element. It is obvious that this procedure is 
applicable, in principle, to any one of the lanthanides; so that any individual 
lanthanide may be isolated following a double processing, one to rid it of elements 
of higher atomic number and one to rid it of elements of lower atomic number. 

Lanthanum (Z=57) and lutecium (Z=71) are unique as terminal members 
of the group and therefore require only a single processing. 

Yttrium, a pseudo-lanthanide, is a special case. In many of the liquid-liquid 
extraction systems its K lies between those of holmium (Z=67) and erbium 
(Z=68). Consequently, it is difficult to separate from each of these elements. 
(Conversely yttrium is a troublesome contaminant in the isolation of either 
holmium or erbium.) 

The preferred approach to isolation of yttrium by liquid-liquid extraction in- 
volves the use of two systems. In one of these (fig. 6), yttrium has an ap- 
parent Z of approximately 67.6, in the second, an apparent Z of approximately 
60. Unfortunately, the second system does not display the sharp differentiation 
shown by the first, but the combination of the two systems appears to constitute 
a feasible answer to the problem of isolation of yttrium on a large scale. 

In order to more readily evaluate a large number of chemical systems for 
applicability to rare earth separation by liquid-liquid extraction, special multi- 
stage countercurrent extraction equipment has been developed and constructed. 
This equipment permits chemical evaluation of a system without regard to 
certain otherwise important variables such as phase disengagement time. The 
present 11-stage assembly (fig. 8) is soon to be supplemented by a 50-stage 
assembly, figure 9. (It is also proposed to use this equipment in the study of 
certain naturally occurring mixtures of organic compounds. In many such sys- 
tems the phase disengagement times are prohibitively long for the use of the 
usual countercurrent extraction equipment. ) 
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FIGURE 8. 
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Automatic batch countercurrent liquid-liquid extraction assembly, 11 stages. 
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Fieure 9. 
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Single stage module for 50-stage assembly, automatic batch countercurrent 
liquid-liquid extraction equipment. 


The mechanism of extraction for several of these systems has been studied 
in considerable detail. (Example, fig. 5.) It has been established that the 
“di-esters” of ortho-phosphoric acid are dimeric (i. e., two formula weights per 
molecular aggregate) and that the extraction of metallic ions proceeds by 
chelation (i. e., the extractant holds the metallic ion by a “claw” action). By 
contrast the ‘“mono-esters” of ortho-phosphorie acid are polymeric (i. e., several, 
in general six or more, formula weights per molecular aggregate), and the ex- 
traction of metallic ions appears to proceed by an “infinite polymer” mechanism 
closely analogous to that usually assumed to be operative in ion exchange. 
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Representative Price. The next witness is Dr. Jack E. Powell, an 
associate professor chemistry at Lowa State College. He is also a staff 
member of the Ames Atomic Energy Laboratory at that university. 
Dr. Powell will discuss for us this morning the use of ion exchange 
as a research tool for the separation of rare earth elements. 
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STATEMENT OF DR. JACK E. POWELL,’ IOWA STATE COLLEGE 


Dr. Powetu. Today, we are living in what is popularly known as 
the atomic age. Nevertheless, our time might equally well be 
called the age of rare metals since many of the less familiar metals 
have assumed importance only within the last two decades. 

For example, 1 cite some quotations from one of my college text 
books which was considered fairly up-to-date in 1940. Concerning 
uranium, it said: 


It has no important commercial applications, a small amount being used in 
the ceramic industry to make yellow glazes and in the dyeing industry as 2 
mordant. 


About titanium it said, 


Probably the greatest tonnage of titanium is employed at present in the paint 
industry where TiO, is used as a white pigment. 


Concerning zirconium, 
There is practically no demand for metallic zirconium. 
Regarding tantalum and columbium it stated, 


The chief demand for tantalum probably comes from manufacturers of radio 
tubes. In addition, some metal is used in jewelry. Commercial uses for colum- 
bium have not yet been found. 


As for beryllium it said, 


Alloys with Al, Cu, ete., have been studied to some extent. They are said to 
offer interesting possibilities provided the metal can be obtained in commercial 
qualities at a reasonable price. 


Hafnium received no mention. As for thorium, it stated, 


When mixed with 1 percent CeO. and strongly heated, ThO, emits a brilliant 
light which property gives rise to its most important use, i. e., for gas mantles. 


With respect to the entire rare earth group, including Se, Y, La and 
the 14 lanthanide rare earths, it said, 


The production of rare earths on a commercial scale is limited to cerium, a 
byproduct of the gas mantle industry. The only uses for cerium are: in gas 
mantles; as a component of the pyrophoric alloy on cigarette lighters ; for color- 
ing ceramic ware; and in “carbons” for are lights. 


1 Born June 11, 1921, the second child of Marcia E. Mummey and Glenn E. Powell in 
Avon, Ill., a town of about 800 people. His elementary and secondary school training were 
obtained in the Avon Public Schools. The courses in high school mathematics and physics 
were taught by the principal, Mr. J. T. Reeve. It was primarily under his influence that 
Dr. Powell’s interests in science were awakened. 

In 1939, as the result of a scholarship at Monmouth College and a part-time job with 
the Illinois Bankers’ Life Assurance Co. of Monmouth, Ill., he began his college career. 
Under the persuasive influence of Professors Haldeman and Thiessen, he decided on a career 
in chemistry and by attending several summer sessions was able to graduate, cum laude, 
from Monmouth College with a bachelor of science degree in December 1942, having a 
major in chemistry and a minor in mathematics. 

At this point, he received a graduate fellowship from the chemistry department of Iowa 
State College. After 1 quarter of graduate training at Iowa State College he joined the 
staff of Dr. F. H. Spedding, director of project 1050. This was a part of the old Manhattan 
project—the atomic bomb project. ere he acquired a taste for work with the more 
unusual elements, uranium, thorium, beryllium, yttrium, and the rare earths. After World 
War II came to an end, he resumed his training as a graduate student under Dr. Spedding 
and helped with the development of the ion-exchange processes for separating the rare 
earth elements and obtained his doctor of philosophy degree in 1952. During his associa- 
tion with Dr. Spedding he developed such a great interest in the fields of ion-exchange and 
rare earths and such a high regard for the ability of Professor Spedding that he decided to 
stay on at Iowa State College as his associate in this fascinating field. Dr. Powell was 
appointed first as an assistant professor in 1952 then as an associate professor in chemistry 
in 1957 at Iowa State College, and is functioning in the latter capacity at the present time. 
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As can be seen from the above statements, many of these metals had 
never been on the market in pure form and, while some uses had de- 
veloped for technical grade compounds and for some alloys, they were 
generally of minor importance commercially. 

This was certainly not a very impressive array of uses for the less 
familiar elements, many of them which are now readily available and 
are indispensable in the production of atomic power. The drastic re- 
quirements, such as extreme purity, high strength, nuclear limitations, 
etc., imposed upon materials to be used i in constr ucting atomic reactors 
and devices are so stringent that scientists must be constantly searching 
for new materials to meet the requirements and for new processes 
which will furnish the required materials as cheaply as possible. 

One after another, as they were obtained in a really pure form, 
uranium thorium, zirconium, hafnium, beryllium, tantalum, niobium, 
and titanium found uses in the realm of atomic energy. One element 
which did not even exist before the advent of the fission of uranium is 
now being made in considerable quantities and is useful from a defense 
viewpoint—I am referring to plutonium, of course. 

One of the big problems confronting the scientist during World 
War II was obtaining uranium in a form pure enough that a self-sus- 
taining chain reaction could be set up. Among the impurities which 
occur in natural uranium ores, are the lanthanide rare earths and some 
of these elements are the most avid neutron absorbers known to man. 

A rather small amount of gadolinium, for example, contained in the 
uranium fuel is sufficient to prevent the operation of a chain-reacting 
pile. When thorium is substituted for nuclear fuel, rare earth im- 
purities will be even more of a problem, since the main source of thor- 
ium; namely, monazite, generally contains 10 times as much rare earth 
elements as it does thorium. 

A program utilizing thorium on a large scale will furnish tremen- 
dous quantities of cr ude mixed rare earths as a byproduct and develop- 
ment of uses for these materials will greatly lessen the cost of thorium. 

Once a sufficiently pure fuel is obtained and the atomic reaction is 
progressing, the scientist cannot simpl sit back and occasionall 
“throw another log of uranium on the fire.” Nature is not so kind. 
The fission of uranium 235 produces “ashes,” as well as energy, as does 
the combustion of coal. 

These “ashes” are the so-called fission products. The fission products 
are somewhat lighter fragments formed when uranium splits, and the 
radioactive rare earths constitute a rather high percentage of these 
“ashes.” 
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As the rare earths and other neutron absorbing “ashes” build up, 
the efficiency of the chain reaction falls off and long before the fuel is 
“burned up” it becomes necessary to figuratively “shake the grates to 
remove the ashes.” 

This means decanning, dissolving and treating the uranium chem- 
ically to remove the objectionable products; then refabricating and 
recanning the fuel in most of our present reactors. Newer designs and 
better techniques will simplify matters, but like the heads of Hercules’ 
Hydra, the fission products will grow back and have to be removed 
again and again. 

A considerable portion of the cost of atomic power is due to the 
necessity of reprocessing the fuel and much research must be done to 
simplify and cheapen the processes used. It is obvious that removal 
and separation processes will always be important to the atomic 
scientist. 

Today, I want to describe in some detail an “atomic age” tool which 
is extremely useful for resolving mixtures which are difficult to sepa- 
rate. This is a process which is called ion exchange. Ion exchange 
describes the ability of some natural minerals, such as clays and certain 
synthetic resinous or plastic materials, to exchange one type of charged 
ion for another of like polarity. 

Most salts when dissolved in water from positively and negatively 
charged ions in solution. Those materials which exchange positive 
ions are known as cation exchangers and those which exchange negative 
ions are called anion exchanges. 

The ion-exchange properties of clays and certain other neutral min- 
erals have been known since 1850 and certain minerals known as zeo- 
lites have been used for water softening for more than 50 years, but 
these materials are not useful except in nearly neutral solutions because 
they dissolve in acids and bases. 

It was the discovery by Adams and Holmes, in 1935, that resins pre- 
pared from polyhydric phenols and formaldehyde exhibited cation- 
exchange properties and that resins prepared from aromatic amines, 
such as phenylenediamine, and formaldehyde could act as anion ex- 
changers which led to the development of the large variety of “tailor- 
made” ion-exchange resins which are known today. 

I am sorry I do not have any visual aids today. I have brought 
along lantern slides, but we were unable to get a projector. 

In this first chart (figs. 1 and 2), you will see the general configu- 
ration of 1 type of cation exchanger and 1 type of anion exchanger 
which are very popular today. 
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FIGURES 1 AND 2. 
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Typical cation and anion exchangers. 
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The cation exchanger is a sulfonated styrene-divinylbenzene copoly- 
mer in which the hydrogen ions of the sulfonic acid groups are 
replaceable. The anion-exchange resin has the same general styrene- 
divinylbenzene framework as the cation exchanger, but it differs in 
that it has been chloromethylated, instead of sulfonated, and con- 
verted to a quaternary ammonium base by reacting with trimethylam- 
ine. In this material, the chloride anions are replaceable. 

Today, ion-exchange resins are used in many ways, for example, 
in water softening, sugar refining, preparation of medicinal and cos- 
metic products, concentrating uranium from uranium ore, recovery 
of plutonium from uranium, decontamination of uranium with re- 
spect to fission products, recovery of metal values from spent solutions 
in the electroplating industry and elsewhere, separation of a variety 
of difficultly separable chemicals to facilitate analytical procedures, 
enrichment of certain isotopes and isolation of the rare earths. 

While ion-exchange techniques find important application in many 
phases of the atomic-energy program, it is my understanding that 
today you wish me to describe in more detail some of the applications 
of these techniques which we are making at Ames. 

The separation of rare earths in the past was more of an art than a 
science and a tedious, painstaking art at that. The classical methods 
used for enriching rare earths were fractional crystallization and 
decomposition. These survived with some modifications from 1803 to 
1947. 

These methods were successfully developed for separating cerium 
and lanthanum and are still used today. However, for most of the 
other rare earths, these methods were extremely tedious and time con- 
suming. The general custom was for a professor to start a student 
out at the beginning of his graduate career on a crystallization pro- 
gram. That is, the student would take a mixture of rare earths either 
from a natural source or the product of a previous student’s labor, 
convert it to a mixture of rare earth salts in aqueous solution, then 
evaporate the solution until crystals formed. 

Some rare earths would tend to enrich slightly in the crystalline 
phase and become depleted in the aqueous phase. The mother liquor 
and the crystals would be separated from each other and each phase 
again fractionally recrystallized. By continued separation, proper 
recombination of phases, and repeated recrystallization of the en- 
riched products, purer and purer products could be obtained until 
after several years the student would have a small sample of reason- 
ably pure rare earth to study. 

He would then make a few measurements, graduate, and leave his 
residues for the next student. It was in this manner that most rare 
earths were isloated, identified and studied, until just after World 
War II. 

At this point, groups at Oak Ridge and at Iowa State College dis- 
covered several ion-exchange processes wherein the rare earths from 
natural sources and from fission products could be separated from 
each other much more readily than by fractional crystallization. 

A bed of an ion-exchange resin served as a second phase upon which 
and from which rare earth ions could be sorbed and desorbed while 


they were being eluted with a complexing agent which was selective 
in its action. 
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The solid phase in this case serves much the same purpose as the 
organic phase of Dr. Peppard, which is insoluble in the water and 
which extracts a portion of the material. So you have a possibility of 
setting up a countercurrent type of process, much as he does with his 
solvent extraction. 

Figure 3 illustrates how a simple binary mixture of B and C ions 
might be separated by first adsorbing the mixture on sites of an ion- 
exchange material originally occupied by A ions then displacing the 
B-C mixture with D ions. 

If the developing solution or eluant contains complex-forming 
anions which like A ions better than B ions and which also like B ions 
better than C ions, a pronounced banding will occur as the A, B, and 
C ions are displaced by D ions. 


FIGURE 3. 





Adsorption and elution of a mixture of ions in the presence of a selective eluting 
agent. 
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FIGurRE 4, 
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Collection of individual fractions after development with a selective eluting 
agent. 


If the effluent solution is then collected in a series of fractions, pure 
B and pure C ions can be collected in separate containers, as in figure 
4, and isolated. 

Of course, when 17 rare earth and rare earthlike elements are pres- 
ent in the mixture the task is somewhat more difficult, but the principle 
of separation is the same. The first selective eluant used for rare 
earths was citric acid, but citric acid has been largely replaced by other 
reagents in the past several years. 

While lactic, malic, glycolic, aminoacetic, nitrilotriacetic and 
hydroxyethy lethy lenediaminetriacetic acids have been used with vary- 
ing degrees of success, ethylenediaminetetraacetic acid is, at present, 
the most efficient single reagent known for resolving rare earth mix- 
tures. For simplicity we call this reagent EDTA. 

The EDTA anion is a good example of a chelating agent since it 
has a fine set of “claws” to which the term “chelate” refers. These 


are the branched ends of the molecule containing active groups which 
in a sense grasp the rare-earth or other metal ion. 

Figure 5 shows a tripositive rare earth ion which has been neu- 
tralized by the negative charges and enmeshed in the “claws” of the 
reagent. It can be seen that the combination of the tetranegative 
anion and a tripositive cation results in a negatively charged chelate 
species which is an anion. 
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FIGure 5. 
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The EDTA anion and a trivalent metal ion, such as a rare earth, in chelated form. 


The rare earth in this complex form cannot readily exchange with 
the cation-exchange resin which accepts only positive species. How- 
ever, if some ion which the chelating agent likes better comes along, 
it gives up its partner for the more attractive one and the former 
partner is then free to compete for a seat on the resin. 

The stability of the RCh, rare earth chelate, species is the key to 
the separation problem and it is possible to determine stability con- 
stants which are reflections of the affinity of the chelating agent for 
various ions quite accurately. 

This is analagous to the distribution coefficients which Dr. Peppard 
was discussing. 

The ratio of the stability constant of one rare earth chelate species 
to the stability constant of another gives a so-called separation factor 
which allows us to predict whether or not and how rapidly that partic- 
ular pair of rare earths can be separated from each other. 

Once we know the constants, we can predict, not only how far we 
must elute a mixture with a given reagent to obtain maximum separa- 
tion, but how complete the resolution of the pure rare earth bands 
will be. Consequently, some of the phases of research that I am 
undertaking in collaboration with Dr. Frank H. Spedding at the 
Ames Laboratory of the AEC are the determination of stability con- 
stants of rare earth chelates and the determination of theoretical plate 








PHYSICAL RESEARCH PROGRAM 227 


heights for various combinations of resins, chelating agents, tempera- 
tures, and flow rates. 

It is hoped that this type of basic information will aid in the devel- 
opment of more efficient separation procedures than are being used at 
present. 

The Ames Laboratory is again in a part of the cycle where its 
processes are being taken over by industry. In the case of uranium 
and of thorium metals, the Ames Laboratory first developed processes 
which would supply satisfactory metals, then produced the metals 
needed until industry could take over. 

In a similar manner, methods for preparing pure rare earth oxides 
and metals were developed at Ames and have recently been taken 
over by a number of industrial companies. As a result, these materials 
are available in highly purified form on the open market. 

To illustrate the progress which has taken place in the past 10 years, 
since the ion-exchange process for separating rare earths was con- 
ceived, I would like to call attention to table 1 in my prepared state- 
ment (p. 232). 

While the price in a few cases is still high, it should be pointed out 
that reliable markets for all these elements have not yet developed, so 
that it is not possible to tell which ones will have to bear the lion’s 
share of the separation costs and which will be merely byproducts. 

Nevertheless, a figure of $3,000 per pound for pure oxides of ele- 
ments like lutetium and thulium and $1,500 for terbium oxide is rela- 
tively small compared to the 1947 price of $2,000 per gram, or $900,000 
per pound, for these same materials. Actually, many of the rare 
earths were available only in lesser purity and only in fractional-gram 
or gram quantities at these prices. 

The advent of ion exchange has not greatly affected the prices of 
lanthanum and cerium for which separation methods and markets 
existed prior to 1947, but in the case of some rare earths the price has 
dropped as much as six-hundredfold. Increased efficiency and the 
development of regular markets can be expected to cause drastic de- 
creases in the cost of some of these materials in the future. 

As for the future uses for rare earths, there are many possibilities. 
Pure lanthanum is already being incorporated in glasses used for color 
correction in optical equipment and cameras. Thulium is finding a 
use in portable X-ray sources. A pound of thulium oxide costing 
$3,000 is enough to make 2,000 such sources. 

You cannot buy a source for $1.50 because they have to be irradi- 
ated with neutrons to make them radioactive, but the sources do give 
very good pictures actually, as some of my slides would have shown. 
The cost of of irradiation is fairly high at this time because facilities 
have not been set up for this. 

Of course, the natural Tm-169 must be irradiated with neutrons 
and converted to Tm-170 in order to emit X-rays. This adds con- 
siderable to the cost of the source. Radioactive lutetium and yttrium 
are showing promise as therapeutic agents in the treatment of cancer. 

Natural yttrium looks like an excellent material for containing 
molten uranium and some uranium alloys in advanced design reactors. 


— is one of the phases of the pyrometallurgical program going on 
at Ames. 
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Gadolinium, europium, and samarium will probably find use in 
control rods for atomic reactors. Europium at present appears to be 
far superior to any other element for this purpose. Since both of its 
natural isotopes and three of the isotopes nith are formed by neutron 
capture are strong neutron adsorbers, “burn up” of a europium con- 
trol rod is less of a problem than for many other elements. 

On the other hand, yttrium and cerium have such low capture cross- 
sections for thermal neutrons that they may find usage in alloys and 
| ceramics used in atomic devices. Already, mixtures of rare earths 
have been found to be useful in making malleable cast iron and certain 
alloys of iron, magnesium, ete. 
| The range of magnetic properties exhibited by the rare earth series 
is amazing. For example Lu and La are diamagnetic, whereas Gd 
metal is more strongly ferromagnetic than iron when cooled below 
room temperature. 

I have a sample of gadolinium to illustrate that. If you cool this 
) below room temperature it becomes very strongly magnetic, even more 
magnetic than iron. This may be one of the applications in the future. 
There on the table are a number of metal samples and pure rare earth 
oxide samples. There are also some ores which we use as starting 
materials. 

Representative Price. Doctor, you stated that radiation offers a 
great number of possibilities such as the use of certain rare earths in 
medicine for treatment of cancer and so forth. 

You say they offer a possibility. Is there any actual work being 
done in this area to relate them to the treatment of cancer ? 

Dr. Powerex. I understand that there is work going on at the 
present time at Oak Ridge in this area and also at some of the major 
| research hospitals in the East. 

Representative Price. At Brookhaven, also? 

Dr. Powerex. I am not sure about Brookhaven. I have been in- 
formed that there is some work going on there in cancer research, but 
[ have not been in touch with this program for about 2 years. Things 
were looking quite promising at the last meeting I attended. 

Representative Pricer. You made a statement in your abstract that 
in the past two decades the work in this field has revolutionized the 
water-softening industry. That would be some contribution that the 
general public might be able to recognize quickly. Could you tell us 
something about that ? 

Dr. Powe.u. These materials have been quite useful in home water- 
softening units. They are put in as the sodium form of the cation ex- 
change resin and used to extract calcium and magnesium from hard 
water. They are regenerated simply by passing sodium chloride 
through the unit again. 

They have taken the place of the rather low-capacity substances 
which used to be used for this purpose that is, the zeolites. I under- 
stand that out at Hanford, Wash., the atomic-energy plant is using 
ion-exchange resins to actually de-ionize the coolant water which 
passes through the piles. They have to take out any ions which will 
be made radioactive when passed through an atomic pile by absorption 
of neutrons, so when the water is discharged back into the river it will 
| be free of radioactivity. 

They essentially make very pure water with these ion-exchange 
resins, using both cation and anion exchange resins in the process. 
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Representative Price. I understand there has not been any basic 
research done to solve the detergent problem. 

Dr. Powetu. I do not know what has been done in that field. 

Representative Price. Are there questions ? 

Chairman Durnam. Doctor, you mentioned the fact that these rare 
earths probably have some value and use in alloys. Is there much in- 
terest at the present time in their usefulness in alloys? 

Dr. Powetu. I do not know how extensive the use has been. The 
Dow Chemical Co. has done some research on the use of rare earths 
and thorium as alloying agents in magnesium. I believe they are 
marketing a product which is composed of thorium and magnesium. 
The etfect of adding either rare earths or thorium is to increase the 
strength of magnesium at high temperatures. 

I believe that actually thorium is superior to the rare earths which 
have been tested for this purpose. As long as they can get thorium 
they will probably use it, but if thorium is ever restricted in its usage 
due to the fact that it is used for atomic energy or something else, the 

rare earths will probably supplement. 

Chairman Duruam. Most of them do have good temperature re- 
sistance and a high melting point ? 

Dr. PowEt. They have | high melting points. 

tepresentative Price. Doctor, I notice in your biography that you 
were born in Illinois and at the Illinois high school you attended 
there was a principal out there that gave muc h thought and great ef- 
fort to producing students in mathematics and physics. 

Do you give him credit for your interest in science? 

Dr. Powerit. That is true. I feel that this high-school principal 
probably influenced me more toward entering the field of science than 
any other person. 

Representative Price. His name is J. T. Reeve. The reason I like 
to comment on it is that I think we need more men like Mr. Reeve 
in our high-school system. 

Dr. Powett. I feel that is true, too. 

(Dr. Powell’s complete statement follows :) 


Ion EXCHANGE AS A RESEARCH TOOL IN THE SEPARATION OF RARE EARTHS 
Dr. Jack E. Powell, Iowa State College 


Today, we are living in what is popularly known as the atomic age. Never- 
theless, our time might equally well be called the age of rare metals since many 
of the less familiar metals have assumed importance only within the last two 
decades. For example, I cite some quotations from one of my college textbooks 
which was considered fairly up to date in 1940. Concerning uranium, it said, “It 
has no important commercial applications, a small amount being used in the 
ceramic industry to make yellow glazes and in the dyeing industry as a mor- 
dant,” About titanium, it said, “Probably the greatest tonnage of titanium is 
employed at present in the paint industry where TiO, is used as a white pig- 
ment.” Concerning zirconium, “There is practically no demand for metallic zir 
conium.” Regarding tantalum columbium, it stated, “The chief demand (for 
tantalum) probably comes from manufacturers of radio tubes. In addition, 
some metal is used in jewelry. Commercial uses for columbium have not yet 
been found.” As for beryllium, it said, “Alloys with A1, Cu, ete., have been 
studied to some extent. They are said to offer interesting possibilities pro- 
vided the metal can be obtained in commercial quantities at a reasonable 
price.” Hafnium received no mention. As for thorium, it stated, “When mixed 
with 1 percent CeO: and strongly heated, ThO, emits a brilliant light which 
property gives rise to its most important use, i. e., for gas mantles,’ With re- 
spect to the entire rare-earth group, including Sc, Y, La and the 14 lanthanide 
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rare earths, it said, “The production of rare earths on a commercial scale is 
limited to cerium, a byproduct of the gas-mantle industry. The only uses for 
cerium are: In gas mantles; as a component of the pyrophoric alloy on cigarette 
lighters; for coloring ceramic ware; and in carbons for arc lights.” As can be 
seen from the above statements, many of these metals had never been on the 
market in pure form and, while some uses had developed for technical grade 
compounds and for some alloys, they were generally of minor importance 
commercially. 

This was certainly not a very impressive array of uses for the less familiar 
elements, many of which are now readily available and are indispensable in the 
production of atomic power. The drastic requirements, such as extreme purity, 
high strength, nuclear limitations, etc., imposed upon materials to be used in 
constructing atomic reactors and devices are so stringent that scientists must 
be constantly searching for new materials to meet the requirements and for 
new processes which will furnish the required materials as cheaply as pos- 
sible. One after another, as they were obtained in a really pure form, uranium, 
thorium, zirconium, hafnium, beryllium, tantalum, niobium, and titanium found 
uses in the realm of atomic energy. One element which did not even exist be- 
fore the advent of the fission of uranium is now being made in considerable 
quantities and is useful from a defense viewpoint—I am referring to plutonium, 
of course. 

One of the big problems confronting the scientist during World War II was 
obtaining uranium in a form pure enough that a self-sustaining chain reaction 
could be set up. Among the impurities which occur in natural uranium ores, 
are the lanthanide rare earths and some of these elements are the most avid 
neutron absorbers known to man. A rather small amount of gadolinium, for 
example, contained in the uranium fuel is sufficient to prevent the operation of 
a chain-reacting pile. When thorium is substituted for nuclear fuel, rare-earth 
impurities will be even more of a problem, since the main source of thorium, 
namely monazite, generally contains ten times as much rare-earth elements as it 
does thorium. A program utilizing thorium on a large scale will furnish tre- 
mendous quantities of crude mixed rare earths as a byproduct and development 
of uses for these materials will greatly lessen the cost of thorium. 

Once a sufficiently pure fuel is obtained and the atomic reaction is progressing, 
the scientist cannot simply sit back and occasionally “throw another log of 
uranium on the fire.” Nature is not so kind. The fission of uranium 235 pro- 
duces “ashes,” as well as energy, as does the combustion of coal. These ashes are 
the so-called fission products. The fission products are somewhat lighter frag- 
ments formed when uranium splits, and the radioactive rare earths constitute 
a rather high percentage of these ashes. As the rare earths and other neutron- 
absorbing ashes build up, the efficiency of the chain reaction falls off and 
long before the fuel is “burned up” it becomes necessary to figuratively “shake 
the grates to remove the ashes.” This means decanning, dissolving, and treating 
the uranium chemically to remove the objectionable products, then refabricating 
and recanning the fuel in most of our present reactors. Newer designs and 
better techniques will simplify matters, but like the heads of Hercules’ Hydra 
the fission products will grow back and have to be removed again and again. 
A considerable portion of the cost of atomic power is due to the necessity of 
reprocessing the fuel and much research must be done to simplify and cheapen 
the processes used. It is obvious that removal and separation processes will 
always be important to the atomic scientist. 

Today, I want to describe in some detail an atomic age tool which is extremely 
useful for resolving mixtures which are difficult to separate. This is a process 
which is called ion exchange. Ion exchange describes the ability of some natural 
minerals, such as clays and certain synthetic resinous or plastic materials, to 
exchange one type of charged ion for another of like polarity. Most salts when 
dissolved in water form positively and negatively charged ions in solution. 
Those materials which exchange positive ions are known as cation exchangers 
and those which exchange negative ions are called anion exchangers. 

The ion-exchange properties of clays and certain other natural minerals have 
been known since 1850 and certain minerals known as zeolites have been used 
for water softening for more than 50 years, but these materials are not useful 
except in nearly neutral solutions because they dissolve in acids and bases. It 
was the discovery by Adams and Holmes, in 1935, that resins prepared from 
polyhydrie phenols and formaldehyde exhibited cation-exchange properties and 
that resins prepared from aromatic amines, such as phenylenediamine, and 
formaldehyde could act as anion exchangers which led to the development of 
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the large variety of “tailormade” ion-exchange resins which are known today. 
Figures 1 and 2 (p. 222) show the general configuration of one type of cation 
exchanger and one type of anion exchanger, respectively, which are very popular 
today. 

The cation exchanger is a sulfonated styrene-divinyl benzene copolymer in 
which the hydrogen ions of the sulfonic acid groups are replaceable. The 
anion-exchange resin has the same general styrene-divinylbenzene framework 
as the cation exchanger, but it differs in that it has been chloromethylated, 
instead of sulfonated, and converted to a quaternary ammonium base by reacting 
with trimethylamine. In this material, the chloride anions are replaceable. 

Today, ion-exchange resins are used in many ways, for example, in water 
softening, sugar refining, preparation of medicinal and cosmetic products, con- 
centratiug uranium from uranium ore, recovery of plutonium from uranium, 
decontamination of uranium with respect to fission products, recovery of metal 
values from spent solutions in the electroplating industry and elsewhere, separa- 
tion of a variety of difficulty separable chemicals to facilitate analytical proce- 
dures, enrichment of certain isotopes and isolation of the rare earths. While 
jon-exchange techniques find important application in many phases of the Atomic 
Energy program, it is my understanding that today you wish me to describe in 
more detail some of the applications of these techniques which we are making at 
Ames. 

The separation of rare earths in the past was more of an art than a science 
and a tedious, painstaking art at that. The classical methods used for enrich- 
ing rare earths were fractional crystallization and decomposition. These sur- 
vived with some modifications from 1803 to 1947. These methods were suc- 
cessfully developed for separating cerium and lanthanum and are still used 
today. However, for most of the other rare earths, these methods were ex- 
tremely tedious and time consuming. The general custom was for a professor 
to start a student out at the beginning of his graduate career on a crystalliza- 
tion program. That is, the student would take a mixture of rare earths either 
from a natural source or the product of a previous student’s labor, convert it 
to a mixture of rare-earth salts in aqueous solution, then evaporate the solution 
until crystals formed. Some rare earths would tend to enrich slightly in the 
crystalline phase and become depleted in the aqueous phase. The mother liquor 
and the crystals would be separated from each other and each phase again 
fractionally recrystallized. By continued separation, proper recombination of 
phases, and repeated recrystallization of the enriched products, purer and 
purer products could be obtained until after several years the student would 
have a small sample of reasonably pure rare earth to study. He would then 
make a few measurements, graduate, and leave his residues for the next student. 
It was in this manner that most rare earths were isolated, identified and studied 
until just after World War II. 

At this point, groups at Oak Ridge and at Iowa State College discovered 
several ion-exchange processes wherein the rare earths from natural sources 
and from fission products could be separated from each other much more read- 
ily than by fractional crystallization. A bed of an ion-exchange resin served 
as a second phase upon which and from which rare-earth ions could be sorbed 
and desorbed while they were being eluted with a complexing agent which was 
selective in its action. 

Figure 3 (p. 224) illustrates how a simple binary mixture of B and C ions 
might be separated by first adsorbing the mixture on sites of an ion-exchange 
material originally occupied by A ions then displacing the B—C mixture with 
D ions. If the developing solution or eluant contains complex-forming anions 
which like A ions better than B ions and which also like B ions better than 
C ions, a pronounced banding will occur as the A, B and C ions are displaced 
by D ions. If the effluent solution is then collected in a series of fractions, 
pure B and pure C ions can be collected in separate containers, as in figure 4 
(p. 225), and isolated. 

Of course, when 17 rare-earth and rare-earth-like elements are present in 
the mixture the task is somewhat more difficult, but the principle of separation 
is the same. The first selective eluant used for rare earths was citric acid, 
but citric acid has been largely replaced by other reagents in the past several 
years. While lactic, mallic, glycolic, aminoacetic, nitrilotriacetic and hydroxy- 
ethylethylenediaminetriacetic acids have been used with varying degrees of 
success, ethylenediaminetetraacetic acid is, at present, the most efficient single 


reagent known for resolving rare-earth mixtures. For simplicity we call this 
reagent EDTA. 
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The EDTA anion is a good example of a chelating agent since it has a fine 
set of “claws” to which the term “chelate” refers. These are the branched ends 
of the molecule containing active groups which in a sense grasp the rare-earth 
or other metal-ion. Figure 5 (p. 226) shows a tripositive rare-earth ion which 
has been neutralized by the negative charges and enmeshed in the “claws” of 
the reagent. It can be seen that the combination of the tetranegative anion 
and a tripositive cation results in a negatively charged chelate species which 
is an anion. The rare earth in this complex form cannot readily exchange with 
the cation-exchange resin which accepts only positive species. However, if 
some ion which the chelating agent likes better comes along, it gives up its 
partner for the more attractive one and the former partner is then free to 


compete for a seat on the resin. 
The stability of the RCh rare earth chelate species is the key to the separation 
| problem and it is possible to determine stability constants which are reflections 
of the affinity of the chelating agent for various ions quite accurately. The ratio 
of the stability constant of one rare-earth chelate species to the stability constant 
of another gives a so-called separation factor which allows us to predict whether 
or not and how rapidly that particular pair of rare earths can be separated from 
each other. Once we know the constants, we can predict, not only how far we 
must elute a mixture with a given reagent to obtain maximum separation, but 
how complete the resolution of the pure rare-earth bands will be. Consequently, 
some of the phases of research that I am undertaking in collaboration with Dr. 
Frank H. Spedding at the Ames Laboratory of the A. E. C., are the determination 
of stability constants of rare-earth chelates and the determination of theoretical 
plate heights for various combinations of resins, chelating agents, temperatures, 
and flow rates. It is hoped that this type of basic information will aid in the 
development of more efficient separation procedures than are being used at 
present. 

The Ames Laboratory is again in a part of the cycle where its processes are 
being taken over by industry. In the case of uranium and of thorium metals, 
the Ames Laboratory first developed processes which would supply satisfactory 
metals, then produced the metals needed until industry could take over. Ina 
similar manner, methods for preparing pure rare-earth oxides and metals were 
developed at Ames and have recently been taken over by a number of industrial 
companies. As a result, these materials are available in highly purified form 
on the open market. ‘To illustrate the progress which has taken place in the past 
10 years, since the ion-exchange process for separating rare earths was con- 

) ceived, I would like to call attention to Table 1. 


TaslLe I.—Current (1958) prices of rare-earth ovides (99.9 percent purity) 


i Rare-earth oxide: Dollars per pound ; Rare-earth oxide: Dollars per pound 

i ee 120. 00 Parent Fo 1, 500. 00 

a ee en 10. 50 TIPU OI. Scie cna 275. 00 

t RN ne 6. 75 POM NNR Soe cs. recess 480. 00 
Praseodynium__________ 60. 00 I ok sk Sconces 300. 00 
Tee Gees 54. 00 pi. A A ee sien aie 3, 000. 00 
MRA ERN coos wo 60. 00 Cente ee 300. 00 
Nn nS 1, 610. 00 Cmte ewes 3, 000. 00 
Secor. 162. 00 


While the price in a few cases is still high, it should be pointed out that re- 
liable markets for all these elements have not yet developed, so that it is not 
possible to tell which ones will have to bear the lion’s share of the separation 
costs and which will be merely by-products. Nevertheless, a figure of $3,000 
per pound for pure oxides of elements like lutetium and thulium and $1,500 for 
terbium oxide is relatively small compared to the 1947 price of $2,000 per gram, 
or $900,000 per pound, for these same materials. Actually, many of the rare 
earths were available only in lesser purity and only in fractional-gram or gram 
quantities at these prices. 

The advent of ion exchange has not greatly affected the prices of lanthanum 
and cerium for which separation methods and markets existed prior to 1947, but 
in the case of some rare earths the price has dropped as much as 600-fold. 
Increased efficiency and the development of regular markets can be expected to 
eause drastic decreases in the cost of some of these materials in the future. 

As for the future uses for rare earths, there are many possibilities. Pure 
lanthanum is already being incorporated in glasses used for color correction in 
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optical equipment and cameras. Thulium is finding a use in portable X-ray 
sources. A pound of thulium oxide costing $3,000 is enough to make 2,000 such 
sources. Of course, the natural Tm’ must be irradiated with neutrons and 
converted to Tm*” in order to emit X-rays. This adds considerable to the cost 
of the source. Radioactive lutetium and yttrium are showing promise as thera- 
peutic agents in the treatment of cancer. Natural yttrium looks like an ex- 
cellent material for containing molten uranium and some uranium alloys in ad- 
vanced design reactors. Gadolinium, europium, and samarium will probably 
find use in control rods for atomic reactors. Europium at present appears to 
be far superior to any other element for this purpose. Since both of its natural 
isotopes and three of the isotopes which are formed by neutron capture are 
strong neutron adsorbers, “burn up” of a europium control rod is less of a 
problem than for many other elements. On the other hand, yttrium and cerium 
have such low capture cross-sections for thermal neutrons that they may find 
usage in alloys and ceramics used in atomic devices. Already, mixtures of rare 
earths have been found to be useful in making malleable cast iron and certain 
alloys of iron, magnesium, etc. The range of magnetic properties exhibited by 
the rare-earth series is amazing. For example, Lu and La are diamagnetic, 
whereas Gd metal is more strongly ferromagnetic than iron when cooled below 
room temperature. 

Rare earths are not really rare at all. Cerium, for example, ranks 29th 
among the 92 elements found in nature. Yttrium ranks 31st. All of the rare 
earths are more abundant than iodine, gold and many other familiar elements. 
It seems quite apparent that rare earths will become increasingly important in 
the future. Seventeen new metals with such interesting properties should 
certainly find many industrial applications. 
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tepresentative Price. The final witness this morning is Dr. Harold 
Urey, whom I am certain needs no introduction, certai aly to any mem- 
ber of our committee because he has been very helpful to us on several 
occasions. He is widely known for his scientific achievements and 
his Nobel honors. 

Dr. Urey is presently at the Enrico Fermi Institute for Nuclear 
Studies at the University of Chicago and will discuss for us a subject 
in which he has long been interested, the age of the solar system. 


STATEMENT OF DR. HAROLD UREY,' PROFESSOR OF CHEMISTRY, 
UNIVERSITY OF CHICAGO 


Dr. Urry. Mr. Chairman and members of the committee, I was 
asked to talk to you about geochemical studies. This subject is so 

vast that it would be impossible to cover it in a very short time. 

Representative Price. Doctor, while you may not cover as much as 
you would like to cover inas short time, I think the committee would 


like to have an elaboration on your presentation for the record. 

Dr. Urry. Thank you. 

As I say, there are many phases to this subject that have been helped 
enormously by the work of the Atomic Ener gy Commission. I think 
that many of the researchers have proved to be of great usefulness 
to the Commission. 

Many of them are valuable from the re of pure science 
and also in geological problems, which are important both from pure 
theory and from the st: indpoint of practical applications. However, 
I wish to confine my attention this morning to the problem of the 
age of the solar system, which I think is a very important datum that 
has been well established in recent years. 

It is important to astronomy because it gives us a minimum age 
for the whole universe. It is interesting to those who are studying 
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the origin of the elements. It is interesting to geologists, since they 
are interested in the earth problems. 

This subject has been studied over quite a number of years with 
rather indifferent results, but very precise conclusions have been se- 
cured recently. The first success in this connection was secured by 
Dr. Patterson working with Dr. Harrison Brown at present, at the 
California Institute of Technology. 

They investigated the composition of the lead in the iron meteorites 
and in the stone meteorites and in the crust of the earth. I will just 
pass to the committee a nicely etched sample of Canyon Diablo mete- 
orite which was one used by Dr. Patterson in these studies. 

He found in the lead extracted from this meteorite the smallest 
amount of those varieties of lead that are produced by the decay of 
uranium and thorium into lead. He assumed, therefore, that this 
was the primordial lead, whatever “primordial” means in this case. 

Then he worked up some samples of other meteorites and this 
object which I pass to you is a sample of one in which he found in- 
creased proportions of radiogenic leads. This is the Forrest City 
meteorite and is a stone meteorite as contrasted to the iron meteorite. 

The assumption was made that the lead in the stone meteorite started 
out with the same composition as the lead in the iron meteorite, but 

| that the additional amounts of the lead, 206 and 207, which are pro- 

duced from the 2 isotopes of uranium, were produced by the uranium, 

| and the lead 208 was produced by the thorium. 

| Now, knowing the time that it takes uranium to decay into these 
leads, it was possible to determine the age or the time required for this 

| to occur. He found this to be 4.5 to 4.6 billion years. Therefore, 
this is the time since the lead of the iron meteorite was last separated 
from uranium. There is very little uranium and thorium in the iron 
meteorite. 

At some time in the past, the lead that we find in this iron meteorite 

| was separated from uranium and never again came in contact with it. 
This probably occurred by a melting process in which the metalic 
| iron-nickel sank below a silicate layer. On the other hand the silicate 
material retained its component of uranium and hence continued to 
i generate these various kinds of lead. 
) This is the date of a melting process and that is all that we can 
say from that particular work. 
! The second attack on the problem was made by Dr. Schumacher, at 
1 present professor of chemistry at the University of Zurich, at the 
! University of Chicago Laboratories and supported by the contract 
with the AEC. 
He found two varieties of stone meteorites, one known as Passa- 
monte, which has very little rubidium but quite an amount of stron- 
tium. Rubidium 87 changes to strontium 87 at a known rate. He 
found the smallest amount of strontium 87 relative to other varieties 
of strontium in the Passamonte meteorite. This means that the com- 
position was not greatly influenced by the presence of rubidium. He 
took this again as the primordial strontium and then he investigated 
| another sample, Forrest City, the one I have just passed around, and 
he found increased amounts of strontium 87. 
: From the rate of change of the one element to the other he was able 
. to calculate the age. It came out to be 4.7 billion years, with an error 
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of about %o of a billion years, but agreeing essentially with the previ- 
ous determination. 

Again, we believe that this dates a melting process, but it was a. 
curious process because the melting of the materials of which the 
meteorites are composed does not result in the separation of rubidium 
and strontium. We rather think the separation must have occurred 
by a volatilization process, with rubidium escaping as a gas and stron- 
tium remaining behind. This is another date that bears on the 
question. 

The third method was used first of all by Gerling in the U.S.S. R. 
as early as 1949. Potassium of atomic weight 40 changes to argon at 
a known rate of speed. Hence, it is only necessary ‘to extract the 
argon and the potassium from an object and determine the relative 
proportions of these two to determine a date, and the date in this case 
is the time since the stone last lost its argon 40. Argon 40 is an inert 
gas which, on heating, escapes from these stone objects, and hence, at 
some date in the past it lost its argon 40, generated up to that time, 
and thereafter it accumulated its argon 40, “generated from potassium 
40, and kept it, as we will suppose. Gerling got 3 billion years for 
this age. 

I think the datum is in error because he had not determined the 
potassium correctly. No one at that time was determining potassium 
correctly in these objects. This was followed by a student of mine 
and Dr. Ingraham’s at Chicago, Dr. Wasserberg, who did a very 
much better job and succeeded in showing that the age is about 4.4 
or 4.3 billion years. 

This is the time, then, since the last loss of argon 40 by these objects. 
The early work has been followed by the researches of Geiss, Eber- 
hard, Hayden, and Hess. Hayden and Hess are at the Argonne 
National Labor: atory. Since that time, Gerling, in the U. S. S. R., 
has revised his measurements and agrees pretty much with ours. 

We have found that there is one vs variety of meteorite which we call 
the chondrite, of which there are many. These are indeed the most 
abundant of the meteorite objects, as they fall on the earth. This 
particular one, which I hold in my hand, is known as Holbrook. It 
is the oldest object of this kind that we have found, 4.4 billion years. 
Since argon may always escape from these objects, the dates that I 
give you are the minimum ones. All may be somewhat older than 
44 billion years 

We see from these dates that there was a series of events taking 
place in the neighborhood of 4% billion years ago of a very compli- 

ated kind. The question is, how do we interpret them ? 

Let me say just a little bit about the structures of these objects that 
I have given you. In the first place, the iron, as you see, is a massive 
object. It looks as though it were melted at one time. The structures 
within it indicate that it cooled down slowly from a higher tempera- 
ture and that separation of various constituents in this iron meteorite 
continued until the temperature was about 450° centigrade, after which 
no separation of any importance appears to have occurred. 

Two varieties of iron nickel separated in that process. One is called 
kamacite and the other taenite. They have different proportions of 
iron and nickel in them and they do not form unless the temperature 
gets down pretty close to 450° C. 
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The stones, Forrest City and Holbrook, which I have shown you, 
are heterogenous objects. They were not melted in the form we now 
find them. They are made of fragments of both of these varieties of 
iron and nickel. They are all mixed together in a most complicated 
way. 

tae brought some slides along. I am sorry I cannot show them 
because there are some rather nice ones that show the bits of material 
that are mixed in these objects. I think we must assume the follow- 
ing series of events to have occurred approximately in this order: 

First, an object of considerable size accumulated. It was melted 
and recrystallized in some process so as to produce the silicate ma- 
terials and the iron and nickel phases that we see in the stone me- 
teorites. This was.followed by a breakup of some kind in which the 
object was shredded into exceedingly fine bits and then it was reaccu- 
mulated into another object which is the immediate parent of these 
stone meteorites that I have shown you. Two sets of objects ap- 
parently are needed, others I call primary and secondary. We wonder 
what size these objects were and the presence of diamonds in meteor- 
ites gives evidence in regard to this. The first investigation of this 
kind was done in the last century by two Russian chemists, who found 
diamonds in what is known as the Novo Urei meteorite. The second 
investigation of meteorite stones occurred in Chicago a year and a 
half ago when we also found diamonds in a stone meteorite. As far 
as we know, diamonds cannot be made except at high pressures. The 
pressures required are those that exist at the center of the moon or 
in the center of objects at least as large. 

Our picture, then, is of two sets of objects, with one set at least 
being of lunar size or larger. As I say, we believe that this very com- 
plicated series of events must have occurred during the origin of the 
solar system some 414 billion years ago. This datum is a very inter- 
esting one to all of us because it means that this is the minimum age of 
the universe. 

If we make a calculation of how long it would take for the ob- 
served uranium in these stone meteorites to produce the observed 
lead in these same objects, assuming that we start with no lead 207 
at all, we find that the age would be 514 billion years. Other calcu- 
late this a little differently, but something of the order of 514 billion 
years ago is the maximum age at which the elements were synthesized. 
This may not mean that this is the age of the universe. It is only, 
perhaps, the age at which the elements were made. 

The members of this committee may wonder what is the practical 
| importance of such studies. This work has been done not at all with 
| the idea of its practical importance. I may say, though, that when 
some 27 years ago, Dr. Brickwedde, Dr. Murphy, and I were work- 
ing on the study of deuterium, we had no idea that it would have 
any practical importance; nor had I any idea that our work on the 
separation of isotopes during the 1930’s would have any practical 24 
plication. Iam sure that Dr. Hertz, when he first devised the cascade 
system of the diffusion process as a laboratory procedure was not 
thinking of its practical use. 
| What we are attempting to do here is to understand an interesting 
| universe. Our experience in the past has been that in many cases 
| those studies that are made with the object of fundamental under- 
standing, prove to be the most useful ones. 

: 
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I cannot say at the present time that I see any likelihood that 
the determination of the age of the solar system is going to con- 
tribute to such practical results as some of these other investigations 
that I mentioned, but I think that it is an interesting datum to scien- 
tists and the general public. 

Thank you very much. 

Representative Price. Thank you, Doctor. 

Mr. Durham? 

Chairman Durnam. Doctor, that is very interesting. We always 
find your testimony so good and so interesting. The question being 
asked today, Doctor, is what makes objects like sputnik and the 
one we have up there, go around the earth. Would you care to com- 
ment on that ? 

Dr. Urey. There is an attractive force between the object and 
the earth, the force of gravitation. Then there is a centrifugal force 
that keeps the satellite away from the earth. It is the same force 
that keeps the chalk going at the end of a string as we whirlit. These 
two forces are very nearly balanced in the case of these objects. If 
they were moving in a circular orbit they would be precisely balanced. 
As long as there is nothing to slow the object down and there is no 
friction of any kind, it just keeps on going because of the laws of 
Newton propounded three centuries ago. 

This is simply an exact analogy to the piece of chalk on the end 
of the string. It is the centrifugal force that holds it out and 
it is tension in the string that holds it in. You replace the tension 
in the string by the gravitational force between the object and the 
center of the earth. 

It is a rather simple explanation of the satellites. There is nothing 
to stop them once they are started correctly. 

Representative Pricr. How long has the Atomic Energy Commis- 
sion been supporting research in your field? 

Dr. Urry. I should say that they have supported me on various 
phases of work ever since the war. Contracts were given very shortly 
after the end of the war and they have continued ever since. 

Representative Price. Doctor, has your work on the molecular 
scale mentioned by Dr. Bigeleisen this morning, been useful to the 
work which you have just described ? 

Dr. Urey. Yes, it has. Not on the work that I have just described, 
but you will find at the end of the brief statement I gave you a men- 
tion of other work that we have been interested in; namely, the tem- 
peratures in the oceans of the past, the understanding the glacial 
periods, and things of that sort. We have devised our whole tempera- 
ture scale upon such studies. 

Representative Price. You have applied a wealth of basic chemis- 
try to the problem of the origin of the solar system. Have the astro- 
physicists, such as Dr. Spitzer at Princeton, who are principally con- 
cerned with this area of research, been drawing on the information 
from your studies? 

Dr. Urey. Of course, the work that Dr. Spitzer is doing on thermo- 
nuclear reactions goes beyond that which we did in the past. Dur- 
ing the war we investigated the various methods for producing heavy 
hydrogen, which is necessary for their studies, and, as a matter of 
fact, I think that no new methods have been devised since that time. 
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Great improvements undoubtedly have been made, but our work then 
was concerned with the production of the crude material. But from 
that point on, the studies we have been making do not contribute to 
Dr. Spitzer’s work. It is principally a matter of getting these mag- 
netic fields and electrical discharges in such a way as to produce these 
very high temperatures, and very great success has been attained 
by them. 

" Beneeneiiative Price. I think you mentioned that your prelim- 
inary interest in the matter of deuterium started back about 27 years 
ago and up to that time there was not much thought given as to the 
source of deuterium from the sea and so forth. 

Dr. Urey. That is right. Nobody knew that it existed until that 
time. 

Representative Price. I will tell you a very interesting story about 
that. It may have had nothing to do with deuterium because I think 
the man who came to see me at the time did not even know what the 
word “deuterium” would mean. I was secretary to a member of the 
old House Military Affairs Committee. A man had been coming in 
and out of the committee office for weeks and months and he had a 
sketch and a drawing of unmanned aircraft. This is more than 20 
years ago. 

The clerk of the committee thought that he would play a little 
joke on me and sent the man to see me to sell me this idea of promot- 
ing the unmanned aircraft and he pictured what they could do. They 
were not only unmanned, but they did not have any of the conven- 
tional propulsion systems of the day. 

| I noticed a long tube dropping down from the plane and he ex- 
plained that the source of power came through the tubes from the 
sea. This was over 20 years ago. 

Dr. Urey. Of course, the notable example of this sort of thing done 
very nicely are the stories of Jules Verne. I receive similar com- 
munication today where people are going to do all kinds of things 
with heavy hydrogen. 

The trouble in these discussions is that most of the time they are 
not backed up by the very careful and detailed analytical work that is 
necessary to make real progress in the subject, as is illustrated by all 
of my colleagues appearing before you today. 
| Most of these amateurs have a correct idea but they leave to some- 
| one else the entire implementing of the idea. 

! Representative Price. That man had no other idea except this 
sketch, but he had an idea that he would be pretty proud of today if 
he could see some of the things that are happening. 

You will recall my question of Dr. Bigeleisen and his reply as to 
the availability of personnel in his particular project ? 

Dr. Urry. Yes. 
| Representative Pricer. He told of the difficulty of attracting people 
| into theoretical research that he was doing. Does the extremely com- 
| plex nature of your highly theoretical work in research discourage 

young fellows from getting into it? 

Dr. Urry. I have thought about this problem of our technical per- 
: sonnel considerably and I am sure many other people have, too. In 
| my own laboratory about half of the people who have worked with 


me have been foreigners. I have had one very good man from Can- 
ada who is at present an associate professor at the California Institute 
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of Technology, a very good man from Zurich, now a professor there, 
and another from Berne, Switzerland. I have a good Swiss with 
me at the present time. There are, of course, good Americans now 
in our universities, but what strikes me as curious is that the per- 
centage of these young men who are foreign-born and foreign-trained 
is larger than it should be. 

I have also noticed in my institute at Chicago that many of my 

very esteemed colleagues, both among the older and younger men, 

are foreign-born and foreign- trained. I believe our sealennt to 
depend so much upon people: who are born and trained abroad should 
lead us all to ask what is wrong with the training in the United 
States. 

I believe what is wrong fundamentally is that we are not bringing 
up from our high schools as many young men interested in these 
subjects as we should. In order to learn mathematics and use it 
effectively, I believe we should start the subject earlier. It is much 
the same with languages. Our delay in training our young people 
in these dise iplines of exact thinking with the aid of mathematics is 

causing us to lose many who would - join us in these very interesting 
and fascinating studies. 

My oe is mostly experimental, but I remarked to my friend, 
Prof. Edward Teller, about this one day and he said his experience 
in theoretical physics was precisely the same. I think the same con- 
clusion probably applies to the whole gamut of our scientific work. 

I think we native-born Americans should be very glad that we re- 
ceive all this help from European scientists, but we all should also 
be thoroughly ashamed that we are not producing more of the top 
rank men in the year 1958 from our own native-born people. Very 
serious study is needed on the part of the Congress and all of us in 
order to correct this situation. 

Representative Price. Doctor, it has been studied many times. 
This committee several years ago held extensive public hearings in 
order to try to generate more public interest in the matter. I think 
we have had many studies on it and there have been strong state- 
ments made by responsible people such as yourself and many “others, 
pointing out our deficiencies in this matter, but either we do not know 
how to approach it or we are unwilling to approach a solution to it. 
It may be there is no quick solution to it. It may be that no one has 
come up with a real terrific idea that would gain public support and 
also necessary support at the level of Congress so that you could get 
a working program. 

Would you suggest a quick method of attacking the problem? 

Dr. Urry. I do not believe there is a quick method. I believe it 
sa long-term method. 

Representative Price. Yes. I am not talking of quick in the sense 
that we are going to produce these people we need quickly. I am 
talking of a quic k plan that we can start in operation for the overall 
solution of it on a long-term basis. 

Dr. Urey. I would say that first of all we must have a realization 
on the part of the population of the United States of the great im- 
portance of intellectuals in all fields, not just in science. We must 
have that. In the second place we should realize that we must pay 
attention to the gifted child. A small fraction of the population will 
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prove to be those who have this small spark of genius which is ex- 
ceedingly important to all of us. 

Money is important, but money without ideas is of little use. I 
believe that we must try to convince the people of the United States 
that they are spending approximately half as much for education as 
they should. It is odd that while we expect our wages and our sal- 
aries and our real estate and our automobiles and everything to go 
up in price, we do not allow for a similar increase in the cost of edu- 
cation. This is a fantastic situation. 

This policy has been followed for so many years that my rough 
estimate is that we are behind on our spending for educational pur- 
poses by approximately a factor or two. 

Representative Price. At what level do you start attacking the 

robe ? 

. Dr. Urey. All levels. Try to convince local school boards that 
they should spend more on their teachers’ salaries, that they should 
construct school buildings, that these things are important. We 
should try to convince the State governments that they should help. 

The Constitution of the United States, I believe, does not mention 
education and one would think that this implies that it is reserved 
to the States. But the States should pay more attention to the prob- 
lem of education. They should see that the local school districts 
which are unable to support an adequate school perhaps because of the 
low tax level, should be looked after. 

I believe it would do no harm at all if a very considerable amount 
of support came from the Federal Government also. Perhaps it 
would be well to put an amendment in the Constitution mentioning 
the importance of education in a democracy, which I believe is the 
case. 

It is an anachronism that Russia, a totalitarian dictatorship, should 
think that it is important to have an educated public since the state 
tells everybody exactly what they need to do. Nevertheless, during 
the last 40 years it has supported an enormous program of educa- 
tion. And yet, in almost identically the same years, the United 
States, a democracy, which needs educated citizens, has progressively 
neglected the public school system. 

hairman Durnam. I have lived all my life in a university town and 
I have observed one factor that has been serious in my opinion, speak- 
ing about it from an economic point of view. <A lot of these men reach 
a level, say when they get their master’s degree and go to teaching and 
get married and then do not pursue their ability. They have all the 
capability of obtaining their doctors’ degree at any level. 

r. Urey. You arespeaking of teachers, are you? 

Chairman Duruam. Yes. 

Dr. Urey. I was a professor at Columbia for a good many years. 
We had some intelligence tests made at the university and I believe 
it is a matter of record, and I would be glad to be corrected if this is 
wrong, that the lowest I. Q. at Columbia University was in Teachers 
College. I think there is every reason why it should be there and why 
it should be true of teachers’ colleges in the United States as a 
whole. The financial and public rewards given to teachers in primary 
and secondary schools are completely inadequate to attract first-class 
minds to this sort of work, and yet I believe it is the most important 
work there is in the United States. 
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Chairman Duruam. I think so myself. Having raised five myself, 
I think I have enough experience to observe some things that I 
think are essential, and I have observed the lack of parents in encourag- 
ing individuals. I do not like to think of going to a selective system, 
and just going into high schools and picking out one group. 

Dr. Urey. No, neither do I. I do think that if we are going to get 
anywhere with that matter of the gifted child, we will have to recognize 
that all children should receive the maximum education of which they 
are capable and this applies not only to the retarded child but to the 
gifted child as well. He, too, has a right to his maximum development. 
Attention must be given to that problem. 

Chairman Durnam. Many schools have tried to select different cate- 
gories, not completely, but they have tried systems, where the I. Q. 
was high, to put them in different sections. 

Dr. Urey. Yes. 

Chairman Duruam. That is more or less along the line of the Rus- 
sian system where it has grown entirely to a selective system. With 
that kind of competition, we face a pretty tough problem. 

They tell a man to go in there and study chemistry. If he is a gifted 
man, they select him and he studies chemistry. And he goes there at 6 
o’clock in the morning and comes out at 4 o’clock. That is the obser- 
vation you made. 

Representative Price. I do not believe that is correct. They do not 
do that. They determine aptitudes. They have a pretty good sys- 
tem. They do not force anyone into a given area. They sort of lead 
them there. If they do not have the capability or aptitude for it, 
they just do not go there. 

They do have a requirement set up and they do their best to lead 
the students who have the capabilities into the areas to fit the re- 
quirements. But they do not force any inept students into any of 
their needed categories. 

Chairman Durnuam. I did not mean the word “force” but the sug- 
gestion over there means where the man is going. 

Representative Price. They lead them more than we do and they 
are more selective and they follow them through from the early 
period, so by the time they need them to fill various areas, that is the 
area that these people want to go forward in. 

Dr. Urey. I would just like to remark that we are comparing our 
education with that in the U. S. S. R. today; whereas, I believe the 
truth is that the U.S. S. R. has imitated Western Europe in its educa- 
tional policies and we have not. 

Throughout Western Europe there is an enormous attempt to select 
people of ability and to try to guide them into fields where they will 
be of the greatest use. 

Last year when I was in England I learned that there is a national 
examination which is given to children at the age of 11 to determine 
whether they have the capacity to go on to academic studies. If they 
fail this examination, they go on to what are called secondary modern 
schools, grammar schools which prepare for university entrance. 

It seemed to me that this selection was made at rather an early age, 
but it emphasizes a point; namely, that at some time you should try 
to decide where you can make your best contribution. We must face 
up to the fact that people vary in their capacities and it does no good 
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to try to force a man to be an Einstein if in fact he is better fitted 

to be a mechanic. 
| Representative Price. Doctor, it would be a mistake for us to be- 
| lieve that the Russian system forces these people into the scientific 
| field. It does not at all. It plans it in the manner in which you 
stated there. It is so well planned that from the early stages it is a 
very workable system and produces the results. 

Dr. Urey. Yes, sir. At the present time I myself believe we are 
in a very favorable position when compared to the U.S. S. R. scien- 
tifically and technically. But the rate of gain of the U.S. S. R. of 
technical things is very great indeed. 

I would like to say that I personally believe that it is a mistake to 
emphasize only scientific education in the United States. We need in- 
tellectuals in all fields. In fact, in attempting to get intellectuals of 
all varieties from our primary and secondary schools, we are doing the 
very best we can to get scientists at the same time. 

hairman Duruam. I want to get them to get all the education they 
can because I have high hopes that the only way you can have people 
on earth is to have intellectual people. 

Representative Price. Doctor, 1 am particularly very happy to hear 
you make that last statement because that is the exact finding of this 
subcommittee after a series of hearings on scientific and engineering 
manpower over 2 years ago. We made that exact finding as a matter 
of public record. 

he University of Moscow, with a student body of something like 
22,000, had 2,800 students majoring in nuclear physics. I am just 
talking about nuclear physics and not the other branches of science 
and mathematics. That isa pretty high percentage. 

What would you say would be the percentage in a comparable insti- 
tution in this country ? 

Dr. Urey. I could not give you any figures because I have no means 
of getting them. My observation qualitatively is this: Due to the 

| great glamor attached to nuclear energy work at the present time, 
the departments of physics in our universities are securing the more 
brilliant students to a very large degree. I believe this is true apropos 
of frome and chemistry. 
believe it is even more true when comparing physics with the 
| biological sciences. This, perhaps, is inevitable. I can see this trend, 
but I would not be able to give you any exact figures at all—only 
I} guesses and you do not want those. 
| Representative Hosmer. Dr. Urey, I have just one question, and 
p O ; y; J | ; 
that relates to the responsibilities of the universities themselves in this 
| education field. They produce the people who man and operate the 
public school system. They produce the people who seem to have pro- 
| pelled us away from the more traditional ideas of education. 
| Do you think that the universities are due some blame for the situa- 
tion or could take part in some remedies ? 

Dr. Urey. Yes, I think so. As a matter of fact, people of my group 
have a responsibility that they have not done much about. 

I am annoyed by the teaching methods practiced in our schools of 
education. The courses do not contain nearly as much “content 
courses” as they should. They show how to teach, not what to teach. 
They teach children, as they say, but not subjects. They do not train 
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the teacher in the fundamental subject matter which he should pass 
on to his class. But while this has been going on, neither I nor my 
colleagues have worked very hard to rectify the situation. 

This is our responsibility and I feel we have neglected our duty here. 
I think it would be well for us to take this matter seriously ourselves 
and see if we cannot do something about the training of our teachers. 

I wish to warn you, you cannot really expect people to go into a 
field where there is no prospect of a salary which would enable a man 
to live and raise a family and be a decent and respectable member of 
the community. In these circumstances you are bound to have serious 
difficulty in getting intelligent students to go into this field. 

We must attack this problem from many points of view. We in 
the universities must try to train our teachers better, but, in addition, 
we must put up to our government bodies the problem of adequate 
support for our schools. It must be done somewhere. 

Representative Price. Do you believe that the present level of sup- 
port of the basic research program in the United States is adequate 
to meet our national needs! 

Dr. Urey. I have thought about this quite a lot and I have asked 
some of my colleagues whet they think. The usual answer I get is 
that the support is reasonably good. It might be improved somewhat. 
But it is not an enormous problem. 

I will tell you of a problem facing the chairman of a chemistry 
department. The overall budget was $750,000 for research teaching 
and everything in his department. He said he got this money, but 
what he objected to was the way in which he had to collect it. The 
money should have been avedlahle without his having to appeal for 
help to private industry, to the National Science Foundation, to the 
Atomic Energy Commission, and to the State legislature, 3 or 4 or 5 
places to get this money, until he became a money-raiser instead of 
a director of a department. 

I rather think that this is something that should be considered seri- 
ously. I myself feel very grateful to the Office of Naval Research, 
the National Science Foundation, the Atomic Energy Commission, 
and so forth, but it is a trouble always to have to come to Washington 
to explain to somebody individually, project by project, what we wish 
to do, instead of the university having a budget to take care of its 
problems. It should not be necessa for my friend (who was much 
annoyed by it, and much more troubled than I am) to go to all of 
these sources in order to get an adequate budget to run a chemistry 
department in a State university. 

® believe that the system in England might be worthy of study. 
There, Parliament makes an appropriation of funds for its universi- 
ties. These funds are allocated by the university grants committee, 
which decides how much shall go to Oxford and Cambridge and how 
much to London, Birmingham, and Durham, and so forth. 

Perhaps something like this would be worthwhile thinking about 
in connection with our own higher education program and the support 
of scientific research and other intellectual activities, which, I would 
like to add again, is something that should not be forgotten in our 
enthusiasm for science and technology. 

Chairman Duruam. I studied that a little bit, too, Doctor, and I 
agree with you. I think it isa very good system. To those of us who 
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have served here for many years and are interested in the field of 
science and research and see the need of it for not only our own secu- 
rity but for the economic well-being of the country, it has troubled 
us. It is scattered through every department in the executive agency 
There is no correlation whatsoever. We are spending a lot of money. 
Congress, as far as I know, and I believe Mr. Price and Mr. Hosmer 
will agree with me, has given everything that has been asked for by all 
of the departments. 

It is not just from one department, but all of them. They have all 
had an easy time getting research and development funds. 

Dr. Urey. I have talked to some of my colleagues and I do not 
believe that support for scientific research in the United States is 
really in as bad a condition as the other matter we were discussing. 

I think it may well be that the National Science Foundation could 
have somewhat higher appropriations and make good use of them 
for the development of fundamental science in the United States. 
The amount is not astronomical. 

But, speaking of education in general, I suggested doubling the 
appropriation for education in the United States which means that 
$15 billion should be added to the yearly budget somewhere between 
Federal Government, State government and local school board. 

Chairman Duruam. I do not recall the exact dollars we appropri- 
ated. I think last year the overall research funds in every depart- 
ment, including the Defense Department, has been about a billion and 
a half dollars. The overall expenditures is about twice as much in 
dollars as the number of dollars that England is spending in compari- 
son with population. 

Representative Pricer. Thank you very much, Dr. Urey. Weappre- 
ciate your testimony this morning. The committee feels that we have 
had a very interesting morning and one that will contribute, we hope, 
to the cause of basic research, particularly when the public record 
is made, and we are deeply grateful to all who testified this morning. 

Dr. Urry. I am sure, on behalf of myself and my colleagues, we 
are very grateful to a committee that will spend 314 hours listening 
to us discuss our scientific problems, and we thank you very much for 
doing so. 

Representative Price. Thank you. 

The committee is adjourned now until 10 o’clock tomorrow morn- 
ing in the same room. 

(Thereupon, at 1:15 p. m., Wednesday, February 5, 1958, the com- 
058) recessed, to reconvene at 10 a. m., Thursday, February 6, 
1958. 
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THURSDAY, FEBRUARY 6, 1958 


CoNnGRESS OF THE UNITED StaTEs, 
SUBCOMMITTEE ON RESEARCH AND 
DEVELOPMENT OF THE JOINT 
CommMiTrer on Atomic Enerey, 
Washington, D. C. 

The subcommittee met, pursuant to recess, at 10 a. m., in room 304, 
Old House Office Building, Hon. Melvin Price presiding. 

Present: Representatives Price (presiding), Sraiem, Van Zandt, 
and Hosmer, and Senator Pastore. 

Also present: George E. Brown, Jr., professional staff member, and 
Richard Smith. 

Representative Price. The committee will be in order. 

This is the fourth day of public hearings on the basic research pro- 
gram as it relates to the atomic energy field. Today we will hear 
from the working scientists in the field of metallurgy, solid state 
physics, ceramics, and radiation effects themselves. 

The first witness this morning is Dr. David K. Holmes, of Oak 
Ridge National Laboratory, who will describe atomic structure and 
the fundamental properties of solids. Dr. Holmes. 


STATEMENT OF DR. DAVID K. HOLMES, OF OAK RIDGE NA- 
TIONAL LABORATORY, OAK RIDGE, TENN. 


Dr. Hotmes. I would like to start this morning by not only present- 
ing some of my own research in the particular fields we are talking 


about, but also presenting some of the fundamental concepts on which 
this field rests. 


As you know, the basic concept of the regular order of crystalline 
solids was developed a long time ago, and on it much of the advances 
in this field now rest. I have brought along a couple of models which 
show this sort of thing. These were made down at Oak Ridge. 

I think it is a rather interesting idea for presenting crystal models. 
In these models, the balls represent the atoms in the various positions, 
and this one represents a cubic lattice, and this one represents a rock 


1 Born: Hutchinson, Kans., November 11, 1919; married 1947; two children. 

Education: A. B., chemistry, University of Kansas, 1941; University of Idaho, 1942; 
D. Se., physics, Carnegie Institute of Technology, 1949. 

Professional experience: Development engineer, U. S. Rubber Co., Detroit, Mich., 
1942-45 ; research staff, Oak Ridge National Laboratory, 1949 to present. 

Major fields of research: Theoretical solid state physics with particular emphasis on 
radiation damage to metals and low temperature mechanical properties of metals; taught 
a course in reactor analysis for two terms in the Oak Ridge School of Reactor Technology, 
Oak Ridge National Laboratory ; reactor physics. 


Books: Textbook (coauthor, R. V. Meghreblian) in reactor analysis for McGraw-Hill (in 
preparation). 
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salt structure, in which you have two types of atoms. You can see 
here displayed the regularity of the lattice. 

It was early observed in the 1930’s, and before, that not all of the 
important properties of solids rested upon this regular array of 
atoms, and particularly I am talking of crystalline solids. 

Some of the great advances, particularly in mechanics, show that 
such a property for example as the resistivity and the difference be- 
tween semiconductors, metals, and insulators, could be explained on 
the basis of the regularity of the lattice, and the particular atoms 
which occupied the lattice sites. 

However, it was found that some of the properties depended upon 
deviations from the perfection of the lattice. ‘These deviations could 
be called imperfections or defects, as they are referred to in the field. 

Each of these two models show a couple of the important defects 
that occur both naturally and induced. In this lattice, you may see a 
little green atom down aways, and this would represent an impurity 
atom, an instance in which an atom of a different species occupies a 
lattice site. 

Very many properties of solids can be changed as a result of putting 
in such impurity atoms. For example, coloration in crystals can result 
from this. Also, hardness in metal crystals can result. 

In this cubic lattice, which might, for example, represent a copper 
metal crystal, there is shown a displaced atom here at the front. You 
see a place from which a lattice atom has been removed and put over 
here on a spot which is not a lattice position. We call this, the spot 
from which the lattice atom has been removed, a vacancy, and the 
resultant atom off from a lattice site, we call an interstitial atom. 

Again this generally comes under the term of a displacement pair. 
These two can change the observed properties of solids. They can 
provide coloration in ionic crystals, or they can enhance electrical con- 
ductivity in semiconductors and they can cause mechanical hardening 
in metals. 

A third fundamental type of defect which will probably be men- 
tioned often today is the dislocation. This is very difficult to show ina 
crystal model, and we have never found a way to do it, so I brought 
along a chart which might show it. 

In chart 1 we represent the same kind of a crystal structure that I 
have over there in the small model, and these circles represent the lat- 
tice atoms arranged in rows regularly, but you see at this position in 
the middle of the chart we have an extra plane of atoms. 
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The line along which this extra plane of atoms terminates is a simple 
example of what we call a dislocation. The concept of a dislocation 
was introduced early and shown to have important properties with 
respect to yielding, plastic flow, and brittle fracture, particularly in 
the case of metals. 

There is one point about the dislocations that I should mention, and 
I will use chart 2 in doing so. This is that these dislocations occur as 
crystals are normally found and grown. Very striking evidence of 
this has been arrived at recently, and it is shown that you can decorate 
the dislocations in the crystal and take pictures of the actual disloca- 
tion structure, and you can see this following a sort of geometric pat- 
tern in here which was the thing that was predicted long before the 
actual observation was made. 

In this particular case, I might point out that the presence of these 
dislocations represent, mechanically speaking, a weakening point in 
the crystal. Crystals are not as strong as they would be, if perfect. 

This general field of imperfections or defects in solids, although, as 
I say, it got started in the 1930’s, certainly received its major impetus 
after the war, and since the war has grown greatly, particularly in 
association with the atomic energy program. I will point out why 
this should be so shortly. 

The point of the investigation in this field is generally twofold. One 
is that we eventually would hope to understand the properties of 
technologically important materials. 

A piece of metal like, for example, a section of structural beam of 
steel has a bewildering array of these defects, including dislocations 
and impurity atoms, and perhaps even displaced atoms, and they oc- 
cur in such a confusion that you can really make very little out of it. 

By studying simple examples of defects such as these, and very 
simple systems, we hope eventually to work up to understand the prop- 
erties of the more complicated systems. Of course you must work 
from both ends. Today I am going to speak from the end from which 
I work, which is the basic properties, hoping later to apply them. 

Second, the study of these imperfections leads to an improvement 
in our general understanding of the way crystalline solids are built 
and how they work in general. 

Our knowledge of the crystalline solid without an imperfection has 
improved greatly as time went on, but it is still not in a complete 
satisfactory state. We cannot really calculate the properties of solids 
from basic theoretical principles. If the theory were complete, it 
would allow us to predict the properties of these particular imperfec- 
tions that I have mentioned. 

We cannot really do that, and alternatively, as we study the imper- 
fections, we learn more about how the atoms are bound in their lattice 
sites here. 

I want to turn now to a particular type of research that I have 
been interested in. We want to look at a very simple system and on 
this we hope to test our ideas most clearly. The simple system that has 
proved to be quite satisfactory is such as a single crystal of an element. 
In my case I have been mostly interested in metals, and particularly 
the noble metals like copper, silver, and gold. 

By a single crystal, I mean the lattice array extends ideally through 
the entire crystal, although actually this is never the case, even in our 
best so-called single crystals. 
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Now, what we would like to be able to do is this: We want to intro- 
duce imperfections in a controlled way; that is, just to reach down 
inside the crystal somewhere and put an elementary imperfection in 
and study the resultant change in the properties. 

For example, one property might 5 electrical resistance. ‘That is, 
introduce an imperfection and then study the change, and try to 
predict this theoretically and correlate our ideas with experimental 
results. 

This is where, in particular, the association with the atomic energy 
programs comes directly in from the theoretical and basic viewpoint 
as well as from the practical standpoint. 

In my case, I have used reactors, and a reactor in Oak Ridge par- 
ticularly, and it turns out by means of radiation from reactors and, 
of course, other types of radiation, from which we can, to some extent, 
induce some of these imperfections. Particularly, I want to use the 
chart here (see fig. 2, p. 257) to point out how this would happen. 

If this grid work here represents such a crystalline type as I have 
there, supposing that a neutron comes into the lattice. Now, it turns 
out that neutrons are rather weakly interacting with a crystal of this 
type, and the distances through which it travels are generally very 
long, particularly if I speak of a fast or highly energetic one. It 
comes in and makes a collision down inside the crystal with a lattice 
atom and the neutron proceeds on from this collision only slightly 
changed in energy, and later it makes other collisions. 

In general, for an ordinary-sized crystal, it will go on out of the 
crystal. However, the lattice atom moves off through the lattice with 
quite high energy for things of this type, and plows through the 
lattice, knocking other atoms off from their lattice sites, and finally 
coming to rest and maybe producing a great amount of displacement 
and general debris off in a final region. 

The simple defect we would hope to study, using neutron irradia- 
tion, would be the displacements, where a lattice atom has been dis- 
placed from the lattice site by a neutron, or by a secondary in which 
the primary from the neutron knocks another atom off. 

Neither of these would in general diffuse out of the lattice under the 
conditions of observation, particularly at low temperatures. While 
this is a very nice picture, things do not generally work out to be so 
simple. In truth, the difficulty with respect to the neutron damage 
is that it tends to produce perhaps too many of these types of defects 
in a localized region, so we would have difficulty studying the unit 
which we would like to study. However, we go ahead and do it any- 
way, and, for example, we might mention this electrical resistivity 
that I talked about before. 

Measurement at very low temperature, say minus 250° C. or lower, 
should leave the results of this neutron bombardment frozen in place, 
and then we can study the change in that, and it turns out that these 
displaced atoms contribute positively to the electrical resistivity. The 
peers lattice would be very highly conductive to electrical current, 

ut when you put in these imperfections they produce scattering 
points for the electrons, and so the resistivity increases. 

We observe this in the reactor. We put in copper and silver and 

old (see fig. 3, p. 258). I might just hold this little sketch up. This 
shows how the resistivity rises, as a function of what I call integrated 
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fast flux and which is simply the number of fast neutrons which have 
hit the sample. 

We then sit down and we try to figure two things on a theoretical 
basis. One is how many such imperfections would be formed in the 
reactor under the conditions observed. This depends upon knowledge 
of many things, and it is somewhat difficult, but we think we get a 
pretty good answer there. Pe, 

Then we try to calculate the effect of the resistivity of a unit de- 
fect, one vacancy in a pair such as shown here. We put these to- 
gether and see if we can theoretically correlate the experimental re- 
sult. We find in general and in this particular case, that we do not. 
The experimental result is perhaps a factor of 5, or 5 times lower 
than what the theory would predict. This is a point which has ex- 
cited much investigation and thinking, and I think it will lead even- 
tually to a greatly improved understanding of these things. 

People have attempted to improve both sides of this theoretical 
calculation. There has been much work to improve the calculations 
of the electrical resistivity of one pair and great attempts to improve 
the calculations of the number of development which would be ex- 
pected in the neutron flux. 

As time goes on, we could hope that the gap between our theoretical 
knowledge and the experimental results would slowly close, and this 
would reflect the improvement in our knowledge. Once we had im- 
proved this sufficiently, we would be able to apply it to many practical 
cases. 

I have one other point which I might just mention, another type 
of research. 

This business of the weakening of the crystal solids, and particu- 
larly I will speak about copper, a single crystal, by the presence of 
these dislocations that I showed you in this chart here, has led to 
some understanding of the strength of metals, a very important field 
indeed. 

We examined some of these properties by means of using a crystal 
of copper, a long rodlike crystal of copper, as a vibrating rod, and 
we were able to observe two things. There is the stiffness of the rod, 
and its so-called damping. That is, the dissipation of energy down 
inside the crystal, especially mechanical energy. It turns out that 
these dislocations, particularly in the case of copper crystals, can move 
under mechanical stress, and thus dissipate energy. 

A very interesting experiment has been to put this sort of a crystal 
in the neutron flux, and this time at room temperature, and there the 
displacements produced, as shown over here, can migrate. They are 
not necessarily frozen in the place at which the neutron produced 
them, but can wander around, and it turns out that they would like to 
come to rest at positions along the dislocation lines. When they do 
so, they bind up the lines so that they can no longer move. 

Thus, in a very real sense, the crystal becomes somewhat more per- 
fect than it was before; namely, the weakening structure, the disloca- 
tions, have been tied up so that they cannot contribute to an apparent 
lack of stiffness nor to the damping. Our theories of this sort of 
thing have been improved, I think, and will be improved even more 
by experiments such as this. 
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I have a little model here that I might try to demonstrate this effect 
with. I have here a couple of single crystals of copper, made in the 
form of tuning forks, which I might show. One of these has been 
irradiated, and one has not. 

In the case of the unirradiated rod, the dislocations are free to 
move, and if I bang it as a tuning fork, it will sound dead, because 
the energy I give it by mechanical impact is dissipated down inside 
the crystal. 

On the other hand, the one irradiated in the reactor will sound like 
a good tuning fork, if things work out all right, because the disloca- 
tions have been tied up thoroughly and cannot move. 

I will try it and I do not even know which one is which. That 
should be the dead one. We'll try it again. This is the irradiated 
one. They were made identically. 

So in conclusion, I might say that we have great hopes that investi- 
gation along these lines will further improve our fundamental under- 
standing of solids in general, and-we can eventually apply these things 
to technologically important materials. 

Thank you. 

Representative Price. Doctor, your work is in basic research which 
eventually might lead to a more perfect metal, is that right? 

Dr. Hotmes. Perhaps, but not necessarily. However, the more 
perfect metals are not necessarily the ones that would be advantageous. 

Representative Price. What are the practical applications of your 
research then? What do you seek to do? 

Dr. Hotes. For example, just as an example of the type of thing 
that I think you are asking, I mentioned the case of a structural steel 
beam. This is a very important thing. It is now believed that the 
strength of these structural steels are reflected in the dislocation prop- 
erties of the steel, and the interaction of the dislocations with im- 
purity atoms of thistype. That is shown over here. 

By studying this, at the present time, we find that this is a very 
complicated system and very hard to calculate anything about. But 
we hope, by starting down lower on the scale with more elementary 
things and studying those, to be able to calculate the properties of 
steel under given conditions. We can calculate in the case of things 
of vital energy to the atomic energy program, the change in the 
strengths of steels in reactors. 

Representative Price. Are there any questions? 

Representative Hosmer. Are these effects the same as those induced 
by vibration, continuous vibration of metals? 

Dr. Hotmes. Which ones are you speaking of, which effects? 

Representative Hosmer. Any of these produced by your neutron 
bombardment, in the sense of metals becoming brittle after long 
vibration. 

Dr. Hotmes. This is a complicated question, and I doubt that the 
effects are very similar. 

Representative Hosmer. Would these radiation treatments over- 
come the effects of vibration ? 

Dr. Hotmes. It is not impossible that it could help in that direc- 
tion. 

Representative Hosmer. But they are not similar processes? 
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Dr. Hotmes. No. In general when you talk about such effects as 
you are speaking of, you are talking about, again, the very compli- 
cated system of things like steels and so on, and you are talking about 
complicated interactions of these dislocations perhaps. It is very 
complicated and much more complicated than this simple structure 
shown up here, and this structure grows during the vibration. The 
neutron radiation, or any radiation as far as we know, cannot produce 
dislocations. They must be found in the original crystal. 

The thing you are speaking of is a matter of effects on the dislo- 
cations. 

Representative Price. Your work has been concerned more with 
the effects of imperfections, as opposed to impurities in the metals. 
What is the relative importance of the two in determining the proper- 
ties of the metal ? 

Dr. Hotmes. That is certainly a good question. I would answer 
in two ways. First I would like to make the point I made during the 
talk, which is that any improvement in our understanding of the 
way the lattice atoms are held together in the lattice will be very 
fundamentally important eventually. There can be no question about 
that. 

If we understand imperfections of this displacement type, I think 
that means that we would understand the lattice better. Secondly, 
as a direct answer, I think perhaps in many technological fields, the 
impurity atom is the more important. However, I would hasten to 
add in defense of reactors, for example, that they can be used to 
also produce the impurity atom by the low-energy neutrons making 
transmutations and leaving the atom presumably at the lattice site. 

This is a field which we hope to be able to investigate more than 
we have in the past, with the saved of higher flux reactors. 

Representative Price. Are there any further questions ? 

Representative Hosmer. I have no questions. 

Representative Price. Thank you very much, Doctor. 

The complete statement prepared by you will be made a part of 
the record. 

(The statement of Dr. Holmes follows :) 


EFFECTS OF IMPERFECTIONS AND THEIR INTERACTIONS ON THE PROPERTIES OF 
CRYSTALLINE SOLIDS 


D. K. Holmes, Solid State Division, Oak Ridge National Laboratory * 


The realization that crystalline solids are basically constructed from regular 
geometric arrays of atoms has lead to a great advance in understanding the 
properties of crystalline materials. In particular, one of the triumphs of quan- 
tum theory was the first real understanding of the physical basis of the 
difference in electrical behaviors of metals and insulators, and this application 
of quantum theory was based on the regularity of the crystalline lattice. How- 
ever, only recently has it come to be realized that many observable properties of 
solids actually result from deviations of the lattice array from the ideal crystal- 
line structure. Such deviations are called, in general, “imperfections” or 
“defects.” A few simple examples of property-determining imperfections 
follow : 

(i) Crystals as grown contain some impurities; the atoms of these “for- 
eign” species may occur at regular lattice sites, in which case we speak 
of a “substitutional impurity” (see Fig. 1 (i)). In good metals such 
impurity atoms may provide most of the “residual” electrical resistivity 
(at very low temperatures). 


1 Oak Ridge National Laboratory is operated by Union Carbide Corp. for the U. S. Atomic 
Energy Commission. 
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(ii) Displaced lattice atoms, vacant lattice sites (vacancies) or interstitial 
lattice atoms (interstitials) (see Fig. 1 (ii) ), have been shown to provide 
coloration in ionic crystals, enhanced electrical conductivity (by providing 
extra current carriers) in semi-conductors, and mechanical hardening in 


metals. 
(iii) Dislocations (a particular type is illustrated in Fig. 1 (iii)) give 
rise to yielding and plastic flow phenomena and contribute to creep and 


brittle fracture. 


Fieure 1.—Schematic illustrations of three types of imperfections in crystals. 


i IMPURITY or FOREIGN SUBSTITUTIONAL ATOM IN A 
LATTICE SITE : Shown at point A. 
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(vacancy) Shown at A, interstitial atom (interstitial) at &. 
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ii DISLOCATION : Shown is a pure edge dislocation consisisting 
of an extra plane of atoms. The dislocation line runs along the 
edge of the extra plane intersecting the plane of atoms in the 
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At present, the investigation of the characteristics of the various imperfec- 
tions and their effects on the properties of solids is at the forefront of research 
in the field of solid state physics. This is not only because of the important 
practical advantages of an improved understanding of imperfections, but also 
because each advance in the investigation of defect properties results in an 
improvement in our basic theories of perfect crystalline solids, the latter having 
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by no means achieved a satisfactory condition at present. The most rewarding 
method of approach is one commonly successful in science, that of studying the 
very simplest systems in which the basis concepts may be clearly tested. For 
this reason one of the most advantageous classes of materials is that of “single 
crystals” of very pure metals of a single element; the noble metals, copper, 
silver, and gold, are excellent examples. These are to be contrasted with an 
ordinary piece of material, such as the steel in a structural beam, which is 
made up of many tiny crystallites of various orientations, and which contains 
a bewildering array of imperfections, whose interactions and consequent con- 
tributions to external properties are extremely complicated. 

While a very pure specimen of one of the noble metals provides a very con- 
venient basis for the study of imperfections, it is necessary to have in conjunc- 
tion a method for the controlled introduction of such imperfections into metals. 
A number of such methods are presently employed, e. g., alloying, cold-working, 
quenching, etc.; but, in particular, the use of various types of radiation appears 
very attractive and has been quite successfully used. Among the types of 
radiation employed are fast electrons, charged particles such as protons, 
deuterons, alphas, fast and thermal neutrons, and gamma rays. As illustrated 
in Fig. 2 for fast neutrons the particular defect expected to be produced by this 
method is the displaced atom, the vacancy-interstitial pair (although thermal 
neutrons may be used to produce substitutional impurity atoms). In the 
present discussion, attention will be focused on the use of fast neutrons. The 
expected advantages of this method is that vacancy-interstitial pairs may be 
produced in their simplest form, randomly and uniformly distributed through 
the specimen, in controlled concentrations. Then, the measurement of some 
property, such as electrical resistance, allows an evaluation of the external 
effects of vacancy-interstitial pairs, which may be checked against the detailed 
application of theoretical concepts. As is usually the fate of such over-simpli- 
fied models, it is found that the defect-structure produced by irradiation re- 
quires a more sophisticated theoretical treatment. 


Figure 2.—Schematie diagram of the process of production of lattice imperfec- 
tions by a collision between a fast neutron and a lattice atom. 
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Fiacure 3.—The effect of neutron bombardment at 22.4° K on the resistivity of 
metal single crystals. 
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(After Blewitt, Coltman, Holman, and Noggle, “Creep and Recovery,” pp. 84-110, 
ASM, Cleveland ,Ohio, 1957) 


The changes in electrical resistivity of copper resulting from irradiation 
afford a good example of research in the field of imperfections in the solid 
state. This effect has been studied with fast neutron, charged particle, and 
electron bombardment, and all at very low temperatures (—250° C. or lower) 
where, it is hoped, the defects produced will be “frozen-in.” Once the rate of 
increase in electrical resistivity per unit of bombarding particles has been 
established experimentally (see Fig. 3), the theories of the rate of defect 
formation and of the contribution of defects to the electrical resistivity may 
be applied in hopes of understanding the experimental result. Both of these 
theories depend closely upon our understanding of the way atoms combine to 
form solids, and the present state of our knowledge in this field is reflected 
in the fact that both calculations contain great uncertainties, so that at best, 
we come out with a theoretical rate of increase of resistivity which is, perhaps, 
a factor of five higher than the experimental value. 
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The gap between the state of our knowledge of the formation and behavior 
of lattice imperfections is even more clearly shown when rates of increase of 
resistivity upon irradiation of many pure (elemental) metals are obtained 
experimentally at low temperatures. The annealing out of the radiation- 
induced defects is then studied as the temperature of the specimen is raised. 
No completely satisfactory theory has been advanced which will explain even 
the gross aspects of the experimental results in this area. 

As another example of research in the field of imperfections in solids in which 
the results are perhaps somewhat more gratifying than in the previous case, 
consider the measurements on mechanical properties of copper single crystals. 
By using such a crystal as a vibrating rod it is possible to observe very accur- 
ately the modulus (stiffness or rigidity) of the crystal and its internal friction 
(damping) under oscillatory stress of very small amplitude. It has been shown 
that while these measurements reflect to a large extent the properties of a per- 
fect crystalline lattice, there is an important contribution from particular imper- 
fections present, the dislocations. Crystals, as normally grown, contain a network 
of dislocation lines which represent a weakening structure in the crystal insofar 
as modulus is concerned, and a center of dissipation of mechanical energy which 
is observed as mechanical damping. Both of these results can be understood 
on the basis of the oscillatory motion of the dislocation loops induced by the 
externally applied stress. This motion may be thought of as very similar tc that 
of a vibrating string under tension. The demonstration that a part of these 
effects are due to dislocation line motion is most neatly obtained by irradiation, 
again producing vacancy-interstitial pairs. In this case, the interaction between 
imperfections produces the observed results. 

At room temperature (which may be the temperature during the irradiation 
or may be the temperature to which the sample is raised subsequent to irradia- 
tion) the vacancies or the interstitials, or both, may be mobile, and may thus 
wander about in the lattice until they find energetically desirable resting posi- 
tions. Such positions may be found for either defect along the dislocation lines; 
the result of interaction of the displaced-atom defect with the dislocation is that 
the latter is now unable to move under the small applied stress. Thus the meas- 
urements of modulus and internal friction subsequent to irradiation reflect the 
properties of the more nearly perfect lattice, since the dislocations no longer con- 
tribute. (At reasonably low total irradiations at which the dislocations are 
already “tied up” the irradiation-induced defects do not directly affect the 
measured mechanical properties to an observable extent.) In this case, the 
theoretical concepts have been very useful, and the understanding of dislocation 
line motion has allowed a detailed quantitative prediction of the effect of irradia- 
tion on both mechanical properties such as the data shown in Fig. 4. In turn the 
experimental results when analyzed on the basis of this model have provided a 
measure of the density of dislocation lines in the original crystal and give consid- 
erable insight as to the strength of the interaction between the two types of 
defects. Further investigation along this same line, with variations of such 
parameters as temperature of measurement, temperature of irradiation, stress 
amplitude, and original state of purity and dislocation density in the crystal can 


be expected to add continuously to the depth of our theoretical understanding 
of dislocation structure and interactions. 











260 PHYSICAL RESEARCH PROGRAM 


Ficure 4.—The Young’s Modulus and Logarithmic Decrement as a function of 
fast neutron irradiation on a well-annealed copper single crystal. 
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(After Thompson and Holmes: Jap, 27 713 (1956) ) 


It is hoped that the examples given above illustrate the application of the basic 
philosophy presented here; the ultimate goal is an understanding of the influence 
of imperfections on properties of solid materials and the fundamental method is 
that of the introduction and study of imperfections. Further, the very great 
value of the various types of radiation, particularly fast neutrons, as a tool for 
the introduction of defects has been emphasized. The examples considered here 
form, of course, only a small part of the effort in this field and, in particular, 
the part of special interest to the speaker. The possibilities for fundamental 
advances in this area are seen to be enormous when one considers the number of 
different crystalline types, metals, semiconductors, ionic crystals, etc., the num- 
ber of measurable properties, and the many imperfections whose interactions 
with introduced defects may influence properties. 

Because of this great complexity and because of the relatively short period 
over which these problems have been given serious attention this entire fleld 
is in an embryonic state. Although the basic ideas about imperfections in solids 
were formulated in the early thirties, the real growth of interest in this area 
dates from the post-war era, stimulated by the great need for information of 
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defect properties of materials arising from applications in the field of atomic 
energy. The advances brought about by investigations since the war have served 
largely to reveal new mysteries and to demonstrate how far we are from a 
sufficient depth of understanding to be able to deal competently with the materials 
problems associated with nuclear reactors, thermonuclear devices, ete. On the 
other hand, the ultimate achievement of a theoretical basis for a quantitative 
prediction of the properties of solids is so tremendously important that a far 
greater emphasis on these areas of research than is now evident is justified. 
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Representative Price. The second witness today is Prof. David 
Lazarus of the physics department of the University of Illinois. 

Upon completion of his formal education in 1949, at the University 
of Chicago, Dr. Lazarus joined the staff at Urbana w ‘here he has F pom 
a national reputation for the work in the field of solid state diffusion 
Professor Lazarus is going to describe some parts of this research to 
the subcommittee. 


STATEMENT OF DR. DAVID LAZARUS,’ OF THE PHYSICS DEPART- 
MENT OF THE UNIVERSITY OF ILLINOIS 


Dr. Lazarus. Generally, when a scientist talks to an audience pre- 
dominantly of nonscientists, it seems that he is expected to emphasize 
the practical importance of ‘his work, and actually the field I want to 
talk about today has probably a tr emendous practical importance, but, 
at the same time, I would like to be frank and say my major interest 
in the field is not in the practical aspects. 

I would like to turn the text a little bit today and instead tell you 
why I am interested in diffusion in metals rather than why the Atomic 
Energy Commission should be interested in diffusion of metals. 

Diffusion is really a very familiar thing, at least in fluids. Anyone 
who has ever cut an onion on a kitchen table is aware of the fact that 
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something has moved through the air from the onion to his eyes, and 
I am sure everyone has experienced something like that. 

If you have ever dipped a fountain pen into water, you have seen 
the ink moving. This ink will eventually color all of the water. 

This sort of thing is so familiar that we take it for granted, but 
actually, about a hundred years ago or so, this field was a subject of 
active scientific investigation. Finally it culminated in the work of 
Maxwell, Boltzmann and Gibbs in the kinetic theory of gases. Ac- 
cording to this picture, a fluid is a very simple medium (sketching 
on blackboard), and atoms are very simple things, and they are 
just represented by billiard balls. Because of the fact that they are 
at some temperature above absolute zero, these things are all moving 
around every which way, and in so doing they collide—and if I mark 
some of these, perhaps these are the ink particles in the fluid— 
then eventually, by virtue of the collision of this marked atom with 
the other atoms around, it will migrate through the fluid. 

So we get an actual flow of mass of one type of atom through the 
mass of another type of atom. This is characteristic of diffusional 
motion. It is this sort of motion that is referred to as diffusion, 
and not just any motion, but actually a mass transport. 

When we come to solids, you can see from the models that Dr. 
Holmes has presented, that we have a basic problem. In the first 
place, there is nothing in our ordinary experience which tells us 
whether or not atomic flow on this scale is occurring. I can stare at 
a solid all day, as I would stare at my gold ring, and I cannot see any 
evidence of the fact that anything is happening. 

The model that we have, like this [pointing to crystal model], which 
is substantiated by X-ray diffraction and everything else we know 
about solids, is that where the atoms are arranged in a very rigid pat- 
tern. In fact, this model is not really to scale. If we put the atoms 
in about the size which they are, they would actually butt one against 
the other just like a rack of billiard balls. 

So it seems difficult to imagine that diffusion; that is, the actual 
mass transport, could occur through such a perfect lattice and still 
keep the perfection of the lattice. 

We have, then, the evidence that we have solids, and we have perfect 
lattices, and on the other hand, there is a good deal of indirect evi- 
dence, that we have known about for thousands of years, that dif- 
fusional motion must occur inside of solids. 

Let me take a common example. Suppose I take two pieces of 
steel, identical pieces of steel, which are both white hot, and dump 
one in a pail of water and the other in a pail of oil. The only differ- 
ence between these two is the rate at which they cool. I will find 
the one I have dropped in water is very brittle, and, in fact, it may be 
almost glass hard. The only that is cooled in oil will be fairly soft. 
_ If I examine these microscopically, I will find that they have bas- 
ically different structures. So somehow there must have been a large 
flow of atoms during the cooling process. If I heat up the one that 
was quenched rapidly and then cool it slowly, it will be identical to 
the first, and so again some atomic motion has transpired. This is 
just one example. There are many examples, particularly in the field 
of metallurgy and things like the photographic process, where it is | 
obvious that there must have been a large amount of diffusional motion. 


i 


—————L se 


PHYSICAL RESEARCH PROGRAM 263 


Now, the problem that I am interested in, and I think that most 
of us working in this field are, at least at the university levels, is how 
can this be? What sort of mechanism could there be which permits 
such rapid flow and yet keeps the lattice as perfect as we know it 
to be? 

The first work in this field, which was done mostly through the 
first 3 decades of the century, was really sort of inconclusive. The 
tools that were available were just those of chemical analysis, and 
the typical experiment consisted of something like this [drawing on 
blackboard]: One would take a metal like copper, and put it up 
against another metal, perhaps silver, just to pick an example, and 
heat these up in a furnace, and then look at them afterwards with a 
microscope and see there was sort of a jumble around the boundary 
in here, and you could section it down and find that copper had gone 
a little this way, and silver had gone a little this way. 

But the conditions of the experiment were such that you were not 
really sure that this represented what was going on inside of a pure 
material, and, in fact, you may have induced diffusion by virtue of 
having a different composition here and here. You may have strained 
the material in some way during the procedure. 

Really, nothing very quantitative happened until radioisotopes 
were available as tracers. It was during the late 1930’s, after the 
cyclotron was invented and isotopes were available, that some really 
good studies could be started. Even then the first isotopes were not 
very pure and were not well identified, and were certainly not very 
much available, so that the amount of work that could be done was 
quite limited and it was somewhat inconclusive. 

The real push in the field, I would say, has come about since the 
war, and since the AEC has made available, for a few dollars, to any 
experimenter, a wide variety of radioisotopes, all of very high purity 
and all of very high activity. 

Now the experimental conditions are not like this at all. Actually 
it is a very simple experiment that one can do. For example, if I 
want to know how silver diffuses in silver, or whether it diffuses, I 
will just electroplate on a very thin layer, a millionth of an inch or 
so, of silver isotope, which you buy from Oak Ridge—and I do not 
know how they make it, I just buy it—and in this case it would be silver 
110. 

We put this on a single crystal of silver and heat it up, and after it 
is diffused, presumably, if it has, we take it out and section it off and 
count the amount of radioactive silver which is present in each slice. 
Using such techniques which are really very straightforward but a 
little painstaking, you can measure the diffusion coefficient very 
accurately, to an accuracy of 1 or 2 percent, which is perhaps 100 
times better than anyone could do by any previous method. 

Representative Van Zanpr. Is there a time factor with respect to 
the penetration of the radiation ? 

Dr. Lazarus. Yes, sir, there is. We find it depends on the tempera- 
ture. We measure what we call a diffusion coefficient “D” and it is 
the product of that and the time that you have held the thing at the 
temperature which tells you how far in the radiation has gone. 

Now, we have made such studies, as have a number of other people, 
and have studied not only the diffusion of silver in silver but also 
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the diffusion of various other things which might be present as im- 
purities. The nice thing about this type of measurement is that you 
can do it essentially in a pure crystal. 

I can, for example, put a little antimony 124 on, and in such a 
small concentration as a tracer, that it in itself does not change the 
structure of the silver. By a series of such measurements, there is 
finally a pattern beginning to emerge. 

In the first place, let me say that indeed diffusion does occur in 
metals, and it occurs at a fairly enormous rate. The atoms in the solid, 
which we always picture as being in this nice fixed array, are moving 
about at a fairly tremendous speed. Ata temperature typically of 50° 
centigrade below the melting point, every atom in the lattice will 
jump to another lattice site of the order of 1 million times a second. 
So perhaps we should wonder why solids are as solid as they are. 
Still, the time the atom is jumping is a small fraction of the time 
that it spends in the actual equilibrium position, as we would mark it 
in such a model. 

We find that atoms do not all diffuse at the same rate. Some things 
will diffuse faster than the atoms of the solid itself, and some things 
slower. Antimony, which I gave as an example, diffuses in silver 
much faster than silver itself does. 

We also find that if we add things as impurities to a solid, we can 
sort of control the rate of diffusion in the material. If we add a 
faster diffusing impurity, and make an alloy with 1 percent antimony, 
in the alloy, silver diffuses twice as fast as it does in pure silver. 

Similarly, if we make one using a slower diffusing impurity, then 
the silver will diffuse more slowly. So there are obvious quantitative 
but poorly understood correlations between the diffusion rate and the 
properties of these things as alloys. 

Another correlation which I do not understand at all, is the fact 
that the elastic properties of the alloy also seem to be related to the 
rate of which impurities of one of the constituents diffuse through. 

Along with the experimental work of the last 10 years or so, there 
has been a good bit of theoretical work to try to correlate these 
things and to try to understand how we can have a perfect lattice and 
have diffusion at the same time. 

The best model we have now is the one that Dr. Holmes just 
mentioned, and that is that the lattice contains, as he said, various 
types of imperfections. These are present in extremely small num- 
bers; perhaps one atom in a million is missing or 1 in 100 million. 
On the whole the lattice is quite perfect, but it is apparently these 
small point imperfections and not the large ones like the disloca- 
tions which Dr. Holmes mentioned—it is the small number of these 
that permit diffusion. 

The mechanism is apparently something like this: Suppose I draw 
on the blackboard a lattice like this, and then I will take one atom 
out, and then this is called a vacancy. Itisamissing atom. You can 
now see that if the atoms could move, the ones near a vacancy could 
move much more readily. This one could jump into the vacancy, 
and then the configuration would look something like this, and this 
is equivalent to the vacancy having moved from here to here. 

The rest of the lattice is just repeated all around here. So the 
vacancy has just moved one place. The same thing could happen 
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if I had an interstitial. This could push this atom out into a posi- 
tion over here. 

The imperfections then appear to move just like bubbles move 
through a liquid. It is really the atoms moving, but we can follow 
the imperfections as they go around at fairly enormous rates, and 
mix up all of the atoms in the neighborhood as they go by, without 
changing the perfection of the lattice. 

As you can see, this arrangement before the atom jumps looks 
exactly the same as after the jump, except that I have displaced the 
lattice one atom over. If I drew a larger array, that would show up. 

We are starting to get to the point where I would say we are begin- 
ning to understand things quantitatively. But, there are various 
troubles with our models. 

In the first place, the model of a vacancy and an interstitial are 
probably oversimplifications. In the second place, we cannot even 
calculate those. We have sort of rules of thumb now, and we can 
estimate or make a guess at what the outcome of an untried experi- 
ment is going to be, but it is really no more than a guess. Some- 
times when we guess we find that we guess terribly wrong. We will 
do an experiment and it just turns out to be completely different from 
what we had predicted. 

There is a great deal of work still to be done. Eventually we 
would like to think that we could get atomic motion down to the 
same sort of scale that gravitational motion is. We would like to 
write a simple equation of motion for an atom and know exactly where 
it would be at all times, or at least do as well as we can do with fluids, 
and know where the average position of things are, and be able to 
predict exactly how the mass itself will move through the lattice. 

As I say, there is still a long way to go from here. In the mean- 


time, this work likely will have some practical benefits; at least we 
like to think so. 


Thank you. 

Representative Price. Thank you very much. 

Are there any questions ? 

Representative Van ZaNnpt. Have you any suggestions to make to 
the committee in regard to the expansion of our program in this par- 
ticular field from the AEC level ? 

Dr. Lazarus. The AEC is currently supporting research in this 
field at a number of places, one of which is the University of Illinois. 
I believe that all qualified people who would like to do work in this 
field at the moment have no trouble getting support. I think the 
expansion, if it comes, must come from having more people available 
who would want to work in such a field. 

Representative Van Zanpr. Do you think the Government is taking 
full advantage of the field as far as the university is concerned? 

Dr. Lazarus. Yes, sir, I do. 

Representative Price. Doctor, you mentioned, in your statement, 
that this particular work had been going on for at least a couple 
of decades, but that in the early stages of it, you were not making too 
much progress because of the crude methods you had to work with. 
How would you compare the rate of progress in the early stage before 
the advent of the radioactive isotope as compared to the period when 
you have had these instruments available ? 
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Dr. Lazarus. That is an interesting question, Mr. Price, because 
actually if you counted the number of papers published, there probably 
were more published before than after, because this is such a vital 
matter of metallurgical interest, there were an enormous number of 
attempts to make these measurements. As I said, they were really 
quite inconclusive. So that as far as real progress is concerned, it is 
confined almost entirely to the time since isotopes have been available. 

Representative Price. Do you feel that, in time, you would have 
gotten the answers you were looking for from the beginning, without 
the radioactive isotopes? 

Dr. Lazarus. No, sir, I think it would have been impossible. There 
were some wonderful arguments going on in the middle 1930’s about 
the mechanism, and looked at in retrospect, they are almost amusing. 
It was almost idle speculation, and there were really no tools available 
to get down to the heart of the thing. 

Representative Price. Are these isotopes readily available to you, 
or do you have any delay in getting what you need from the labora- 


tory ? 

Dr. Lazarus. Generally, the Oak Ridge Laboratory has been ex- 
tremely cooperative in providing isotopes. 

Representaitive Price. I was not thinking of that in the sense of 
cooperation, but in the sense of ability to supply not only your needs 
but other needs. 

I was wondering whether you were delayed at any time in your 
work because they were not able to take care of you when you had a 
pressing need for your materials. 

Dr. Lazarus. This has never happened in my case. There are iso- 
topes which are just not available, period, and of course we have to 
live without those. But anything that Oak Ridge advertises essen- 
tially as being available, is available on schedule. 

Representative Price. Thank you very much. 

Representative Hosmer. You spoke of the diffusion rate having a 
correlation with the elastic properties of a material. Does it have 
correlation to anything else? 

Dr. Lazarus. Yes; it does. It also correlates with the melting point 
and it correlates a great deal of course with the crystal structure and 
the degree of ordering in alloys. There are really a large number of 
properties which appear to be intimately related, and we as yet have 
no theory which tells us exactly why or how these things hang to- 

ether. 
oi Representative Hosmer. I think it was Dr. Rasmussen a couple of 
days ago who indicated to us that nuclei with certain specific numbers 
of neutrons or protons were most stable. 

Is there any relation between this diffusion property and that phe- 
nomena that he described, or have you done any work along that line? 

Dr. Lazarus. Essentially we work with atoms, and not nuclei. The 
nuclear mass, however, does affect the diffusion rate. 

Representative Hosmer. You do not feel that has any relation to 
this? 

Dr. Lazarus. No, sir. 

Representative Hosmer. Thank you. 

Representative Price. Do you have any question, Mr. Durham? 

Representative Duruam. I have no questions. 


a 





PHYSICAL RESEARCH PROGRAM 267 


Representative Price. Thank you very much, Dr. Lazarus, for your 
fine presentation. Your submitted statement will be inserted in the 
record at this point. 

(The statement referred to follows :) 


Atomic Motion 1n Soxiips-Dirrusion 
By David Lazarus, department of physics, University of Illinois, Urbana, Tl. 


The study of the motion of the atoms and molecules that comprise the elemen- 
tary building blocks of matter has intrigued scientists for a number of genera- 
tions. Many of the phenomena associated with atomic motion are so familiar 
as to seem almost trivial. Who has not felt a burning sensation in his eyes when 
watching an onion being cut, or seen the slow drift of ink particles away from 
his pen when it is dipped into water? While we cannot see the flow of matter 
from the onion to our eyes, it is painfully obvious that something has moved 
through the air, and we can readily believe that the molecular motion we sense 
is closely related to that which we can see when dipping the pen into water. 

This type of atomic and molecular motion is generally referred to as diffu- 
sional motion, or simply diffusion. Diffusion in fluids was the subject of active 
scientific investigation a century ago, and was finally codified by the great work 
of Maxwell, Boltzmann and Gibbs in the kinetic theory of gases. According to 
this picture, atoms in fluids diffuse by virtue of elastic collisions with other 
atoms, the rate increasing exponentially with temperature. The individual atoms 
follow highly irregular paths, which cannot be calculated in any detail. How- 
ever, when we are dealing with a large number of atoms, the theory enables us 
to calculate the most probably distribution of the atoms at any time, and so to 
determine the average rate of mass flow under various boundary conditions. 
Motion, on an atomic scale, is found to be the “natural” state of affairs in fluids 
at all temperatures above the absolute zero. 

Today, insofar as we can say that we understand anything, it is fairly safe 
to say that we understand the basic cause and effect relationships which govern 
diffusion in fluids. We have formal equations with which we can predict with 
great precision the outcome of a diffusion experiment, as long as we do not ask 
too many questions about the behavior of an individual atom, but concern our- 
selves only with the average behavior of a large number of atoms. As prob- 
ably best exemplified by the great separation plants at Oak Ridge, gaseous 
diffusion by this time has become an important part of our technology. 

sut what of atoms in solids? There is little in our daily eperience to indicate 
that diffusional motion oecurs inside a solid. We can stare at a gold ring all 
day long and can observe no evidence of a change. As the previous speaker has 
indicated, our studies of solids have shown that a true solid, that is a crystalline 
solid, is basically a rigid arrangement of atoms in a perfect lattice structure, 
each atom in its proper place. To be sure, there are a very small number of 
flaws, or imperfections, here and there, but on the whole the solid is funda- 
mentally perfect and rigid. Indeed, those properties which we commonly asso- 
ciate with solids, such as their stability of shape and their hardness, derive from 
the inherent perfection of the arrangement of atoms in the lattice. When the 
temperature of the solid is raised above absolute zero, the atoms must vibrate 
about their equilibrium positions, but it is easily shown that the amplitude of 
the thermal vibrations is much less than the distance between adjacent lattice 
sites. Thus, this type of motion does not involve any actual mass transport 
through the solid characteristic of true diffusional motion. In fact, this model 
of a solid seems to preclude the diffusional motion characteristic of fluids. 

However, for thousands of years men have observed indirect evidence which 
seemed to indicate that atoms must move about rather freely in solids. We 
know that if we heat a sharp knife to a red heat and then let it cool slowly, it 
will no longer be sharp. In fact, it will be so soft that it cannot even be properly 
sharpened. Although the knife appears superficially the same before and after 
heating, obviously something fundamental has changed inside the metal, and 
X-ray diffraction evidence would show that a basic structural change has oc- 
curred in the arrangement of the atoms, implying that the atoms must have 
moved about a good bit when the metal was heated. 

Other examples can be found in the photographic process, and in a large number 
of familiar metallurgical reactions such as welding, sintering, hardening, corro- 
sion, recrystallization, grain growth, creep, and the like. 
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Early attempts to investigate solid-state diffusion were extremely limited. 
While ample evidence was accumulated during the first three decades of this 
century to show that diffusion does indeed occur in solids, the data obtained were 
limited in accuracy severely by the experimental techniques available. 

Significant advances in this field have only come about during the past 20 
years, since radioisotopes have been available in some quantity. The first impor- 
tant experiments using tracer techniques were performed with cyclotron-produced 
isotopes, frequently of low activity and dubious purity. Inevitably, the results 
of these experiments were of limited accuracy. At present, with reactor-produced 
isotopes of high purity and high specific activity available in wide variety, 
studies of solid-state diffusion have finally arrived at the quantitative stage. 

The experimental techniques employed in these investigations are actually 
quite simple, if a bit painstaking. A tracer is introduced at a solid interface, 
for example by electroplating on the surface of a metal crystal, and the specimen 
is then left alone at temperature for a period of time. The specimen is sub- 
Sequently sectioned into thin slices, and the radioactivity in each successive 
slice measured by conventional counting techniques. The tracer atoms them- 
selves, while easily detectable, constitute only an infinitesimal impurity in the 
lattice, and hence do not disturb the equilibrium structure of the solid. With 
tracer techniques, it is possible to measure diffusion coefficients with a pre- 
cision of 1 or 2 percent. 

From these studies, we have learned that the atoms within a solid, at tem- 
peratures well below the melting point, are indeed in a state of violent motion. 
In typical cases, every atom in a solid moves from one “fixed” lattice position 
to another about a million times a second. So we have come to realize that all 
of the metallurgical processes mentioned earlier, and many more, are funda- 
mentally connected with the diffusional flow of atoms in the solid state. 

Experiments have been performed using different base specimens and a variety 
of radioisotopes, in each case measuring the diffusion coefficient at several differ- 
ent temperateures, to try to determine the variable parameters in the diffusion 
process. After several years, a consistent pattern is beginning to emerge. We 
find, for example, that a chemical impurity introduced as a tracer may diffuse 
in a lattice either faster or slower than the self-diffusion rate of the normal 
lattice atoms. The relative rates of impurity and self-diffusion are apparently 
intimately connected wtih the chemical valence and atomic size of the impurity, 
and also with the physical properties of binary alloys of the solvent and im- 
purity. Experiments indicate also that impurities can be used to control the 
rate of self-diffusion of the solvent in the lattice. When a faster-diffusing ele- 
ment is added as a finite impurity, the solvent self-diffusion rate is correspond- 
ingly increased. Addition of one atomic percent of antimony to silver, for ex- 
ample, causes a twofold increase in the rate of self-diffusion of silver. A slower- 
diffusing element, added as a finite impurity, produces the opposite effect and de- 
presses the self-diffusion rate. 

Concurrent theoretical studies have indicated that diffusion occurs in solids 
without disrupting the perfect lattice by means of an extremely small number of 
thermally produced point imperfections called vacancies and interstitials, which 
can move about rapidly and, like bubbles in a liquid, mix up the atoms in their 
neighborhood as they go by without disturbing the basic ordered arrangement 
of the atoms. Large defects found in solid crystals, such as grain boundaries 
and dislocations, are apparently not mobile, and so do not contribute appreciably 
to diffusion by themselves. However, they seem to be the sources and sinks for 
the point imperfections. 

The equations describing diffusion in solids are essentially identical to those 
which apply to diffusion in fluids but contain a number of critical parameters 
which can only be determined by experiment. Our models for the diffusion 
mechanism, while almost certainly much oversimplified, are still too complex to 
permit the calculation of the critical parameters from first principles. Thus, 
progress in our understanding of the diffusion process requires a close interplay 
between theory and experiment, extrapolating a bit each round. Some critical 
experiments help to pin down any valid parts of the theoretical models, and 
other experiments suggest further extension of the models. 

It is hard to guess what practical benefits, if any, will be gained by these 
studies. Since diffusion is obviously intimately connected with metallurgical 
reactions, and metallurgy is patently a practical science, the outcome of this 
work may well have important immediate applications. In the meantime, the 
field is far from closed as a matter of basic research. Much theoretical and 
experimental work remains to be done before we are at a position in solid-state 
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diffusion comparable to that in gaseous and liquid diffusion. We are still a long 
way from being able to predict the outcome of our experiments with any degree 
of certainty. While our present theories may enable us to make a calculated 
guess at the result of an untried experiment, it is nothing more than that, and 
the actual experimental results are frequently in violent contradiction to our 
expectations. 

Eventually, of course, we hope that solid-state diffusion will be completely 
understood. We should like to be able to write an equation of motion for an 
atom in a solid with the same degree of assurance that we can for a particle 
in a gravitational field. Lacking this complete theory, we hope to be able at 
least to describe precisely the average behavior of a large number of atoms 
diffusing through a solid under various conditions. It is idle to speculate when, 
if ever, we may reach this goal. All of us currently working in this field would 
only be certain of one thing: There is still a long way to go and a lot of work 
to be done en route. 
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Representative Price. We are glad to have a fellow Illinoisan be- 
fore the committee this morning. 

The third witness on the metallurgy problem in the AEC research 
program, is Prof. Benjamin L. Averbach, department of metallurgy, 
Massachusetts Institute of Technology. Since joining the staff of the 
MIT university in 1945, Dr. Averbach has earned an international 
reputation in the field of physical metallurgy through his research in 
X-ray diffraction, phase transformation, and thermodynamics of 
metal systems. 

He has received honors from both the American Welding Society 
and the American Society for Metals. Professor Averbach is going 
to describe some of his research work on the theory of alloys. 

Dr. Averbach, we are glad to have you with us. 


STATEMENT OF DR. BENJAMIN L. AVERBACH,’ OF THE MASSA- 
CHUSETTS INSTITUTE OF TECHNOLOGY 


Dr. Aversacu. The alloy theory group at MIT has attempted to 
answer a few simple questions: What are the forces between atoms 
in a crystal, and how do these forces change if another kind of atom 
1s added to a pure metal? What changes in properties occur on add- 
gy, Soom elements to a crystal ? Af 

hese questions are important since, from a long-range point of 
view, it is felt that the alloys of the oly may no longer fill our 
needs 10 years from now. It is possible, for example, that 10 years 
from now the alloys of yttrium may be of great importance. The de- 
velopment of new alloys by an empirical hit or miss technique is very 
time consuming and expensive, and gives no assurance that the best 
materials have been produced. On the other hand, if we have suitable 
scientific theories, we can shortcut a lot of the trial and error and 
arrive at a better solution more quickly. 

A few years ago it seemed that the alloy theory problem had been 
settled. It was known that the atoms were put together in a regular 
crystal lattice, and as alloy atoms were added they took positions in 
the lattice more or less at random. We also had some rough rules 
about the sizes of the atoms which could be accommodated in the 
same lattice. The difficulty with these theories was that they did 


1 Born : Rochester, N. Y., August 12, 1919; married 1947. 

Education: B. Met. Eng., Rensselaer Polytechnic Institute, 1940; M. S., Rensselaer Poly- 
technic Institute, 1942; D. Sc., metallurgy, Massachusetts Institute of Technology, 1947. 

Professional experience : Chief metallurgist, U. S. Radiator Corp., 1943-45; metallurgist, 
General Electric Co., 1945; professorial staff, department of metallurgy, Massachusetts 
Institute of Technology, 1945 to present. 

Awards: Graduate fellow, Rensselaer Polytechnic Institute, 1940-43; prize, American 
Welding Society, 1945; American Society for Metals (Howe medal), 1949. 

Societies: American Institute of Mining and Metallurgical Engineers, American Welding 
Society, American Society for Metals, American Physical Society, Crystallographic Society, 
Iron and Steel Institute (Great Britain), Institute of Metals (Great Britain). 

Major fields of research: Physical metallurgy; X-ray diffraction; phase transforma- 
tions ; thermodynamics. 

Publications: Coauthor of approximately 80 papers in scientific journals. 
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not tell us anything at all about the properties of alloys and how 
these properties changed with alloy additions. 

After the war we began to question these theories, and new ex- 
perimental methods were devised in an effort to obtain information 
on how alloy crystals were constructed on an atomic scale. 

The current situation may be summarized briefly as follows: The 
solute atoms occupy definite positions in the crystal lattice. How- 
ever, new sensitive X-ray diffraction methods now show us that the 
alloy elements in a solid solution do not occupy these sites at random. 
In some crystals, atoms of the same kind like to cluster together. 

In other crystals, the atoms of the same kind hate each other and 
an atom prefers an unlike neighbor. These local arrangements af- 
fect the mechanical properties and the strength of the resultant solu- 
tions. 

It is also found that the atoms in a solid solution are no longer pre- 
cisely at the corners of the cells. They are displaced from the lattice 
positions and some atoms protrude up and others down in a rather 
random way all through the lattice. There imperfections are in- 
troduced on an atomic scale and also influence the properties. It is 
now felt that we did not know relatively little about the sizes of the 
atoms in solution. We thought we knew the sizes of the metallic 
atoms from the dimensions of the pure metal lattices, but the new 
data show that atoms may be larger or smaller than the pure metal 
sizes in solid solutions. It has also been found that the vibrations of 
the atoms are affected by the presence of solute atoms, and the elec- 
tronic structure also appears to change in a very complicated way. 

All of this adds up to a rather searching new look at how atoms 
are put together to make crystals and alloys. From this, there is be- 
ginning to emerge a new theoretical approach to the forces between 
atoms and a better appreciation of the factors which determine the 
strength and other properties of materials. I have prepared a more 
detailed summary of our work which I would like to add to the record. 

The AEC has supported this work at MIT on a long-range basis. 
We have worked on materials where it was easier to find out what 
was going on rather than on materials that were of practical im- 
portance. A few months ago, however, we decided to look at 
crystals containing large atoms, and it was found that the alloys of 
uranium and niobium would be very suitable for this study. It was 
then discovered that these alloys are of some interest as fuel elements 
in reactors. As a matter of fact, without disclosing anything classi- 
fied, we can say that our type of X-ray study will be very helpful in 
understanding some of the processes which occur in these alloys 
during heat treatment and aging. This is a good example of how 
a purely scientific and academic approach to a problem which looks 
as if it is not going to be applied for a long time takes a very short 
half-step and becomes something quite practical in a reactor program. 

We were visited recently by a group of Russian scientists. One 
of these visitors, who is a member of the Soviet Academy of Science, 
was quite familiar with our work. I offered him a reprint which I 
had just received in the mail and he told me that he had already read 
the paper in the scientific journal. 

Representative VAN Zanpr. How recent was this? 
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Dr. AversacH. The visit occurred in November 1957. He told 
me that they had been very much interested in what we were doing 
in our laboratory. They are also heavily engaged in similar studies 
of bonding and they were using X-ray methods very much similar to 
ours. He was very much impressed by the fact that his laboratory 
and our laboratory were working along much the same lines. He 
spent 2 days with us, and discussed his work as well as ours. 

Representative Price. Did any of your people visit any laboratories 
in Russia? 

Dr. Aversacu. Yes, they have. Dr. Chipman, Dr. Cohen, and Dr. 
Grant of our Department have visited Russia, and this was their re- 
turn visit. 

Representative Price. What did they find over there? Did they 
find they were working on this? 

Dr. AversacH. Yes, and we obtained additional details on their 
visit here. 

Representative Van Zanpr. Did Russia grant you or your col- 
leagues the same freedom granted the Russians in the United States? 

Dr. Aversacu. Yes, I think so. Their fundamental work was dis- 
cussed freely. 

There is, however, an additional point to be made. I have about 
five graduate students and a few post doctorate people working in 
this area. On the other hand, the Russian effort is much greater, 
involving perhaps about 150 people, and they feel that this type of 
research is very important for their understanding of alloy develop- 
ment. Their effort in this field is tremendous compared to ours. 

The scientific level of their work is high, and the papers he left 
with me in Russian were very good. He translated key portions of 
them for me. 

Representative Price. What about British effort in the same work ¢ 

Dr. Aversacn. It is smaller than ours but it is very good. The 
whole effort in the Western world is small compared to the Russian 
effort. I did not know this until we had Professor Kurdyumov on 
the scene. 

Representative Price. You said there were 150 men in that? How 
would that compare with what you know about our study? 

Dr. Aversacu. From the papers that he left, I would say that the 
quality of their work is ~~ good. 

Representative Pricer. Not only the quality, but what is the amount 
of effort and the personnel ? 

Dr. Aversacu. He talked about the number of scientific people and 
it was large compared to ours. The quantity and quality there both 
seemed good. 

Representative Van Zanpt. What about a comparison of the art? 

Dr. Aversacu. The state of the art, I would say, is that they are 
getting more information because of the sheer weight of the number 
of people that they have. 

Representative Pricer. That disproves the theory that you concen- 
trate on looking for the one single brain as against numbers, does it 
not ? 

Dr. Aversacu. That is a theory which is hard to defend, since one 
can never be certain that he has the one bright brain within his 


group. 
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The other thing I would like to bring up is the question that has 
been asked, “Can the Congress do anything to help us?” 

My answer is “Yes.” In fact, I think that the Congress can help 
us quite directly at this point. I would like to point out specific ways 
in which help can be provided. 

The work I have talked about is carried out largely by graduate 
students. The research is important in itself but our most important 
product is probably the graduate student who goes on to carry out 
further research. In dealing with agencies which support research, 
the fact that we are training graduate students always tends to be 
overlooked. The agencies buy research and are seldom concerned 
about the fact that we are preparing the very people required for 
our research in the future. The AEC research division, however, 
has always been very sympathetic toward our graduate program. 

As a result of this, we have been handicapped in many ways by the 
way in which our research contracts are written. Most of our re- 
search contracts forbid us to buy equipment. They assume that the 
university will supply the equipment and the research contract pro- 
vides only for expendibles and manpower. 

This is not a good way of carrying on research. I have spoken of 
the sensitive X-ray techniques used in our studies. However, very 
little equipment could be purchased on our contracts. Most of the 
X-ray units were constructed from old medical units salvaged from 
the basements of doctors who were throwing out their old X-ray 
equipment and getting new units. We reconstructed these units to 
make them suitable for our research. This required a considerable 
= of manpower. 

zast year I tried to get a neutron spectrometer to put in front of 
a reactor that MIT has built. The answer was always the same, “No 
capital equipment.” Our department still does not have a neutron 
spectrometer. 

Representative Van Zanpt. Who said—“No capital equipment” ? 

Dr. Aversacu. Almost any of the research agencies that we deal 
with. When they write a basic research contract with the university, 
very little or no capital equipment is allowed. 

Representative Van Zanpr. What about the attitude of MIT? 

Dr. Aversacu. In what respect ? 


Representative Van Zanpr. In regard to the equipment, what is 
their attitude ? 

Dr. Aversacu. We get our equipment in what way we can. We 
have built a good deal of homemade equipment which is available 
commercially. This procedure is not always satisfactory and is often 
time-consuming and i, 

Chairman Duruam. How much money does the AEC put into your 

roject ? 
. Dr. Aversacu. The AEC spends about $80,000 annually on my 
contracts. 

Chairman Duruam. I thought MIT had more contracts with the 
Federal Government than any other institution. 

Dr. Aversacu. Yes, I am speaking of my own research. 


Chairman Duruam. Is the equipment not exchangeable? And 
there must be quite a number of spectrometers at MIT. 
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Dr. Aversacu. The only neutron spectrometers are being built by 
the physics department on a contract with some other agency. I was 
speaking of a neutron spectrometer which we would like to use for 
basic research in metallurgy and I was unable to get one. 

Chairman Duruam. I was thinking about the exchanging of ex- 
pensive tools from one department to the other. 

Dr. AversacH. We do exchange a great deal. 

Chairman Duruam. It is the policy that we have tried to get the 
military to adopt. You take something like a wind tunnel; they are 
very specific tools and what we have tried to work out is an exchange 
between the different departments in using the tools for whatever re- 
search they wanted to do. 

Dr. Aversacn. We interchange equipment a great deal but we still 
are unable to buy needed basic equipment. I need equipment right 
now that I cannot get. 

Chairman Durnam. Would you hazard a guess as to the amount of 
money that MIT has in research funds from all agencies of the Fed- 
eral Government at the present time ? 

Dr. Aversacu. I do not remember the figures but a large part of 
the overall sum is for Project Lincoln, which is a very large military 
project. Another large part of this is for the instrumentation labora- 
tory, which develops inerial guidance systems. 

Jhairman Duruam. You have a great institution and you have 
contributed a lot but we have been told time and again that you have 
so many contracts up there that you could not take any more. 

Dr. AversacH. Let us consider this problem. 

Representative Price. I think what Mr. Van Zandt was trying to 
get at was this: Why does the institution not buy the equipment ? 

Dr. AversacH. There is a question as to what the institute should do 
with its own funds. We must answer a question such as, “Shall we 
build another dormitory to house our undergraduate students or shall 
we give this researcher some equipment to do research on a Govern- 
ment contract?” I think we must answer this question in favor of the 
dormitories. There is a similar problem at most private institutions. 
They just do not have the money for research equipment. 

Chairman DurHam. Having been near a college all of my life I 
know, of course, they are faced with the same problem. Is that not a 
general problem throughout the whole country, about getting equip- 
ment ¢ 

Dr. Aversacu. It certainly is but I think Congress could help by | 
making it possible for the agencies to let us use part of our money for 
buying capital equipment. This is something which may be the result 
of a lack of overall funds. 

Senator Pastore. What reason do they give you as to that prohibi- 
tion ¢ 

Dr. AvernacH. They tell me that they are prohibited by a lack of 
funds. 

Senator Pasrore. And you say that the law is specific that they have 
the authority ? 

Dr. AversacH. I have not read the law and I do not know enough 
about that aspect but I would say that this is where we need help. 

Representative Price. We will run a check on that and find out 
about it. 
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Chairman Durnam. I thought that was not true as far as the AEC 
was concerned because we at the present time are contributing to a 
large degree in the development of reactors and that is a tool. ‘There 
is no prohibition there. 

Dr. Aversacu. AKC has allowed us to use a small amount of our 
funds for capital equipment but it is not nearly enough. 

This brings us to the possibilities of expanding our efforts. If we 
are to get any bigger we just cannot do this without more capital 
equipment. It will be of little benefit to have more research funds 
under the present ground rules. We just cannot use them. We have 
to be able to buy equipment. If Congress can remove this barrier it 
would be very helpful. 

Representative Van Zanpr. Does this barrier exist at other institu- 
tions? 

Dr. Aversacnu. I would say it does in basic research. 

Representative Price. I see others in the audience indicating that it 
iloes. 

Dr. Aversacu. If you talk to the people in the agencies I believe 
that they will affirm this. 

Representative VAN ZAnpr. Then you are asking the Government to 
assist in the development of necessary apparatus for basic research and 
making it available to the educational institutions of the country ? 

Dr. Aversacu. That is right. 

Representative Price. Does that include expansion of facilities? 

Dr. Aversacn. I would like to discuss this next. 

MIT has the largest graduate school in metallurgy in this country. 
I used to think it was the largest in the world until I met our Rus- 
sian visitors. We have a special responsibility in this respect to the 
Nation to make sure that we turn out the right kind of people and 
the right numbers of people. If you take MIT out of the picture you 
would lose about half of the doctorate output in metallurgy through- 
out the country. However, I cannot add another graduate student 
to my group. We have jammed them into our available space until 
we have no more. We cannot expand our staff, our research, nor 
our student body without doing something about space. 

Representative Van Zanpr. What limitations are being applied 
to this postgraduate student as a result of crowded conditions? 

Dr. Aversacu. We cannot get any bigger. 

Representative Van Zanot. I am thinking of the student now. 
What effect does it have on the student ? 

Representative Price. You cannot take on more students? 

Dr. Aversacu. We cannot take on any more students and the ones 
that we have think they are awfully crowded. We make them live 
with it but we just cannot do any more. 

About a year ago, before Sputnik I and II and the Explorer, we 
recognized this and devised a plan which called for a facilities ex- 
pansion. This involved a new building, new equipment, and addi- 
tional staff. I forget how much the exact amount was but it was 
around $5 million. We were turned down. 

I know the Government does put buildings up but these are almost 
always for specific development purposes. We were asking for a 
place where we could train graduate students for basic research in 
materials. Had we not been turned down, this facility would be 
coming into operation about now. 
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Chairman Duruam. The AEC has not furnished that? 

Dr. Aversacu. We were turned down, but I do not want to em- 
barrass anyone because I think that it was done as a result of the 
climate of the times. 

Chairman Duruam. I do not think that would embarrass anybody 
because there are a lot of requests that are turned down. 

Dr. Aversacu. I get turned down quite often myself. 

Representative Price. You said a minute ago that you used to 
think you had the largest research facilities in the world. 

Dr. Aversacn. Largest graduate students program. 

Representative Price. That is until you met these Russians. Did 
they locate their facility for you and tell you where they were work- 
ing? 

Dr. Avernacnu. The man that we talked to told us of the research 
facilities and the student facility that he had. They were larger 
than ours. There are also other facilities. 

Representative Pricer. Were they in the nature of university fa- 
cilities, or were they Government laboratories ? 

Dr. Aversacu. That is the same thing over there. 

Representative Price. It is the same thing, except that they do have 
universities ? 

Dr. Avernacu. These were combined places, since a man can have 
a position in the university, also run a research institute, and also 
be a member of the Academy. There is a rather thin line between 
these places, and their arrangements appear to be quite flexible. 

Representative Van Zanpr. Did he identify the institute? 

Dr. Averpacu. It is called the Moscow Steel Institute, but I will 
check my notes. 

Representative Price. I wish you would, for our record, send us the 
identification of it. 

(The information referred to follows :) 

DEPARTMENT OF METALLURGY, 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
Cambridge, Mass., February 7, 1958. 


Representative MELVIN PRICE, 
House Office Building, Washington, D.C. 


Dear Mr. Price: I appreciated the opportunity to appear before the subcom- 
mitteee on February 6. 

I did not have on hand the affiliation of our Russian visitor. He is G. V. 
Kurdyumov, professor of psysicomathematical science, Moscow Steel Institute. 
He is a member of the Soviet Academy of Science. 

I would like to repeat briefly the principal points which I tried to make with 
respect to our needs for basic research on materials: 

1. We need more money for basic research, but additional funds will not 
be helpful unless the form in which the grants are made is changed. 

2. It is recommended that Congress allow private institutions to use funds 
granted for basic research to purchase capital equipment. We are prevented 
from doing this under the terms of our present contracts. 

3. We would be unable to expand our effort in this area without providing 
more space, equipment, and staff. One of our serious limitations is space, and 
it is reeommended that Congress make possible the construction of new facilities 
at universities for scientific training and research. 

4. The year-to-year financing which we now have in research is inconsistent 
with the length of time required for a graduate student to do his research, 
and has led to hardship when funds have been delayed or cut off. It is recom- 
mended that grants be made for basic research for a period of 3 years. 

I would be happy to provide any further assistance to the subcommittee. 

Sincerely, 


B. L. AVERBACH, 
Associate Professor. 
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Senator Pastore. Is that something that has happened quite re- 
cently, or is that a gradual evolution in Russia ? 

Dr. Aversacn. This has been going on for quite some time. We 
have seen research papers, and we knew this man was publishing in 
this field because we had seen translations of his papers over a num- 
ber of years. 

Senator Pastore. The reason why I ask you the question is this: 
I was at a meeting not too long ago when Dr. Livingston was there, 
and he made an intelligent presentation and said that we in America 
were not in a bad way in basic research. 

Dr. Aversacu. That may be true in physics, but I am speaking of 
materials research. 

Senator Pastore. I see. 

Dr. Aversacu. At the moment they are emphasizing this type of 
research. 

Representative Price. While it is true that the British may not be 
doing the same work in alloys that you are doing, do they not have 
a larger effort than we have in the entire field of metallurgy ¢ 

Dr. Avernacn. I would not say so. We know pretty well who is 
working in the British field, and I would say that the number of 
people and the actual effort in itself is not as big as ours. 

There is a third item—and my time is running out—that I would 
like to mention. That is the attitude that is prevalent among the 
contracting poapee in dealing with basic research contracts. A con- 
tracting officer buys research on an annual basis. But graduate stu- 
dent training requires more than 1 year. It usually takes 3 years 
to complete a doctorate program. 

Our contract years have nothing to do with the school year, and 
we never know whether a year-to-year contract is going to be con- 
tinued. Asa matter of fact, we had a severe jolt when one was not 
continued, and we were left high and dry with unsupported graduate 
students. This was not an AEC contract. 

I would suggest that basic research be funded on a longer range 
basis, say 3 years. This would make a lot more sense to us in planning 
our program. : 

In brief, then, what I am asking Congress to help us with, is this: 
First, we need money to buy capital equipment; second, a way of 
expanding the actual facility itself for basic research; and third, 
funding on a longer range basis. 

I know Congress has not liked to advance money for more than 
the current fiscal year. But we have had to reevaluate our position 
and I would suggest that this deserves a second look. 

Representative Durnam. Under the law, Doctor, you know that 
Congress cannot obligate funds beyond 2 years of Congress, and you 
cannot commit another Congress by an act. We do it by contract 
sometimes. 


Dr. Aversacu. The amount of money here involved is small, and 
I hope that a way can be found. 


Representative Duruam. Your statement interested me where you 


said that 10 years from now we would be living with entirely new 
alloys. 


Dr. Aversacnu. That has happened in the last 10 years. 
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Representative Duruam. I think that is probably correct. The 
question in my mind is the fact that these are so important to the 
industrial life of the country. Has industry shown any interest at 
all in the development of more graduate students ? 

Dr. Aversacu. Yes, they do contribute. We have industrial fellow- 
ships at MIT which support graduate students. We have some indus- 
trial grants to help us with research. But on the whole, the industrial 
contribution is small relative to the Government contribution in this 
field. 

Representative DurHam. That is a very important field, and one 
I think that is necessary for the basic economy of this country; that 
is, for the long-run, because of the fact that materials as we all know 
are growing scarcer, and you have to work out methods for these 
materials. 

Dr. Aversacu. That is right. But you must also recognize that 
this kind of basic research is not only a part of the basic economy of 
our country but it is a military commodity as well. It is the military 
aspect of this which I think justifies Congress in supporting it from 
that standpoint. 

However, I would suggest that this kind of research is justifiable 
on its own, and it stands on its own feet. 

Representative Durnam. Are you speaking of doctors’ degrees? 

Dr. Aversacu. We have both masters and doctorate students, but 
pons of the work I have described is carried on by doctorate candi- 

ates. 

Representative Van Zanpr. Would you say that the bottleneck 
poor _ are talking about requires that we double our effort in this 

eld? 

Dr. Averpacu. Yesterday I heard a figure of $1.5 billion for re- 
search and development. I would like to know how much of this 
is really basic research. My guess is that it is very small. We have 
a very small basic research effort, compared to the development effort. 
I would say that we should at least double the basic effort and I would 
eventually like to see it tripled. However, we cannot triple the effort 
under the present ground rules. We cannot take three times the 
amount of money. 

Representative Van Zanpr. But you could double it ? 

Dr. Aversacu. I doubt if we could double it, without a building 
program. 

Representative Van Zanpr. In this particular field, and from the 
standpoint of basic research, do you think that we are behind Russia ? 

Dr. Avereacnu. I think the problem is difficult to pinpoint. Within 
the next 5 years the Russian research staffs may obtain more informa- 
tion than we with our smaller staff. If this is being behind, then we 
are behind. 

Representative Price. I do not think you ever did state the number 
of people working with you, Doctor. Would you tell us that? 

Dr. Aversacu. The number of graduate students in this field? 

Representative Price. Who are working with you; yes. You re- 
ferred to your staff as compared to what the Russian fellow had, and 
I think you said he had about 150. 

Dr. Aversacu. In this particular area, I would say that on the whole 
we have roughly 10 graduate students and postdoctorate people, my- 
self, and several colleagues on the staff. This makes a total of about 15. 
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Representative Duruam. And that comprises about half of the effort 
in the United States? 

Dr. Aversacu. I was referring only to number of graduate students 
that we turn out. We turn out, roughly, I would say, half of the 
doctorate graduates in metallurgy. 

Representative Price. The important thing now is to turn out gradu- 
ate students? 

Dr. Aversacu. It will do relatively little good to keep bringing 
people up from the high schools into the colleges if we cannot educate 
them at that point. We are limited at the moment, and we are not 
going to get any larger until something is done. 

Representative Price. Have your funds been cut any in the last 
year or 2 years ? 

Dr. Aversacu. I would like to say for the benefit of AEC, that AEC 
has been very good and has not cut us. 

Representative Price. What about the Defense Department ? 

Dr. Aversacn. Other agencies have cut us; yes. 

Representative Price. Could you give us the percentage of the cuts? 

Dr. Aversacn. I do not have the figures on hand, but it did hurt. 

Representative Hosmer. I just have two brief inquiries. That neu- 
tron spectrometer that you wanted, do any of the other departments 
at MIT have them ? 

Dr. Avernacu. There are two being built now in the physics depart- 
ment, and I hope to get some time on one of these units. ‘This will not 
nearly begin to answer our needs in this area, 

Representative Hosmer. If you got one you would use it 24 hours 
aday? 

Dr. Aversacn. We certainly would. 

Representative Hosmer. Just as a matter of curiosity, what is the 
theory of the change in the size of the atoms, or do you have one? 

Dr. Aversacu. Experiments are quite far ahead of the theories at 
this point and we need more information. But I feel confident that 
ina Ge years we will see our theories develop in this respect. 
Representative Price. Thank you very much, Doctor. 

Your prepared statement will be inserted in the record at this point. 
(The statement referred to follows :) 


THEORY OF ALLOYS 
B. L. Averbach, Massachusetts Institute of Technology, Cambridge, Mass. 
1. INTRODUCTION 


It is well known that the physical and the mechanical properties of pure 
metals are changed greatly on the addition of alloying elements. The study 
of the mechanisms by which these changes are accomplished in solid solutions 
is thus of great importance in understanding the properties of these alloys and 
of great interest in the development of new alloys for special purposes. The 
properties of a material are related to the interatomic forces and to the detailed 
way in which atoms are arranged in the alloy solution. These precise arrange- 
ments and the energy terms involved form the theoretical basis of our under- 
standing of the fundamental nature of metals and alloys. 

A few years ago it seemed, however, that the the theory of solid solutions had 
progressed to a point where further experimental work was hardly worthwhile. 
It was commonly assumed that the component atoms were arranged at random 
on the lattice points with each atom approximately retaining its original size. 
The size and valence rules of Hume-Rothery and the explanations which followed 
appeared to be sufficient. A steady corps of research work continued but rela- 
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tively little was added to our knowledge of the structure of solid solutions. Sev- 
eral of the theories did indicate that certain of the solid solutions should have 
short-range order, that is, that the atoms in these solutions should not be 
arranged at random, but should show a preference for unlike neighbors. With- 
in the past few years an attempt has been made to obtain experimental evi- 
dence for the presence of short-range order in alloys by means of diffuse X-ray 
scattering measurements. The resultant data have led to further refinements 
in the experimental technique and a great deal of unforeseen information on 
the detailed structure of solid solutions has been derived. It now appears that 
solid solutions are seldom random and that the atoms are not at the lattice 
sites. Atoms in solid solutions neither retain their pure metal sizes nor do 
they assume the average size calculated from the alloy lattice parameter. In 
addition, there is evidence that the vibrational spectrum and the Brillouin zone 
structure of the solution must be considered and there is considerable uncertainty 
on the role of the local distortions in solutions containing atoms of different 
sizes. 

The new experimental techniques and the revived interest have prompted a 
close reappraisal of our concept of solid solutions and has led to a reevaluation 
of the theories which have dominated the field for so long. 


I. SHORT-RANGE ORDER AND CLUSTERING IN ALLOY SOLUTIONS 


The arrangement of atoms in solid solutions has been studied by means of 
diffuse X-ray scattering measurements (1,2). The deviations from randomness 
in these solid solutions introduce modulations in the diffuse scattering. The 
detailed arrangement is expressed in terms of local order coefficients, a@;, which 
are derived from an analysis of the diffuse scattering data. The coefficient, aj, 
is defined as a;=1—pj/X4, where p; is the probability of finding an A atom in 
the 7** shell of atoms about a B atom at the origin, and X,y is the atom fraction 
of A. In a random solution, ps=Xa and all values of a; are 0. Considering 
only nearest neighbors, a value of a,<.0 corresponds to a preference for unlike 
nearest neighbors, that is short-range order. On the other hand, a positive 
value of a; indicates a preference for like nearest neighbors, that is clustering. 
It should be noted that = Cja;=0, where C; is the number of atomic neighbors 


, 
in the 7‘* shell, and more than one order coefficient must be used to describe the 
atomic arrangement in a solution completely. 


TABLE I.—Nearest neighbor short-range order coefficients 


Alloy (atomic fractions) Tempera- a Reference 
ture (° C.) 


Ne MO ise oats anes ehh dns aha scbwacece sasnesdamenawen 405 —0.15 3 
0.50 Cu-0.50 Au___- sin ee + — E ons 425 —.13 4 
ee Ce? ee Soke f eas 250 —.05 5 
0.50 Ag—).50 Au as 250 —. 08 5 
0.50 Ni-0.50 Au____- A. ‘in ee ee en | 900 —.03 6 
See re on 8 Se ee ee ae 532.5 | 860 —.14 7 
0.50 Li-0.50 Mg.__------- wick nahgchpied wieakcedin Sie deucduchaeek 25 —.08 

0.50 Cu-0.50 Pt...----.--.-- ERiscibehwG 0 baa cathe sol secant | 300 | ae 9 
0.50 Al-0.50 Zn______________- pees einai ma Bs a ee 400 | .16 10 
0.90 Al-0.10 Ag._.__._.___-- oon ot SRT Oe ea ea 540 15 10 
0.815 Ag-0.185 Al__.._____- BE ee ee ee nake 450 —.09 11 


| ! 





Almost all of the solutions which have been investigated have shown a prefer- 
ence for short-range order or clustering. Most of the available data are listed 
in table I and it is evident that there is a preference for unlike nearest neighbors 
in many cases. It should be noted that the only systems in which clustering of 
like atoms has been observed are the aluminum-rich alloys of aluminum-zine 
and aluminum-silver, and these solid solutions are characterized by having very 
little difference in the sizes of the component atoms. The gold-nickel system 
is interesting in that short-range order is exhibited at 900° C. but a miscibility 
gup with a maximum at 840° C. is observed. The older theories for such a 
system would have predicted that clustering should occur in gold-nickel alloys 
above the miscibility gap. The experimental data show unequivocally, how- 
ever, that the opposite is true. Some theories have used the presence of short- 
range order and clustering in alloys to explain the increase in mechanical prop- 
erties of alloys over pure materials. Conversely, a recent experiment has shown 
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that the short-range order in an alloy is reduced greatly if the alloy is plastically 
deformed (12). 

Recent X-ray data have shown that the atoms in a solid solution are not at 
the lattice sites of the average cell determined from lattice parameter measure- 
ments. This effect is a consequence of the fact that a binary solution has three 
nearest neighbor interatomic distances, raa, fez, ANd fas Which average to r:, the 
interatomic distance of the average lattice. Figure 1 is a two-dimensional repre- 
sentation of a solid solution containing two atoms with different sizes and shows 
the local displacements from the average lattice which results from the tendency 
to maintain a close-packed structure in metals because of the strong binding 
forces between atoms. For large distances in the crystal, many of these inter- 
atomie spacings are involved and the distance between two atoms several hun- 
dred angstroms apart is identical in all parts of the crystal. However, the varia- 
tions in interatomic distances which occur over the first few nearest neighbors 
lead to modulation in the diffuse X-ray scattering (13) and these are described 
by another set of coefficients, 8:. These coefficients have been used to describe 
the “sizes” of atoms in solution (2, 6, 7, 14), although it is recognized that such 
sizes can only refer to interatomic distances without a specification of shape. 


Figure 1.—Interatomic distances in a solid solution. Note displacement of atom 
centers from average lattice sites. 
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Ficure 2.—Interatomic distances in gold—nickel solid solutions. 
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Figure 2 shows the atomic sizes determined for gold-nickel alloys (6, 14). It 
is apparent that the size of the gold atom changes with composition in these 
alloys, and it appears that the gold atom becomes smaller as the nickel content 
increases. Itis significant to note that the gold interatomic distance is consider- 
ably smaller in these alloys than in pure gold. On the other hand, the size of 
the nickel atom appears to increase as the gold content increases, and it appears 
that the nickel atom is somewhat larger than in the case of pure nickel. At the 
present time, these atomic sizes of atoms in solution cannot be measured by any 
other method, and these data raise some question as to the actual structure of 
the atom in these solutions. It is significant to note, however, that this informa- 
tion on atomic sizes was obtained as a consequence of experiments which were 
looking for something else. 

Another recently discovered X-ray effect arises from the displacements of 
the atoms from the average lattice sites. The root mean square displacements, 
u, are similar in effect to a temperature displacement, except that they do not 
vary appreciably with temperature. These static displacements have been 
treated theoretically and measurements have been made in a few cases (15, 8). 
It has been shown that the values of the measured static displacements are 
consistent wtih the sizes of the atoms determined from the diffuse scattering 
coefficients, 8:, and typical values of the nearest neighbor size effect coefficients 
and the static displacements are given in table II. It is interesting to note that 
the static displacements are of the same order as the thermal displacements at 
room temperature. 
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TABLE II.—Size effect coefficients and atomic displacements (all alloys disordered) 


r.m.s. r.m.s. thermal dis- 
Size effect | Static dis- placement (A) 
Alloy coefficient | Place- 
(B:) ment 
(A) 295°K 90°K 
CEI, 4. <ntuccdcnecacatinnmenh Gpaientinatisieumaemuuammtesdiii 0. 015 0. 08 0.14 0.09 
ODE WecdncansianinGaddmncie a saeetie kan adiamnonatmmendat 015 .07 12 07 
PELs occvncankacinaenskusagneeesnarnhesenimenndeaall . 035 ll 16 13 
SC iRiaincinkccctathacchochtiet boancaddeaidddcakoth .040 il 25 16 


Theories of solid solutions have not been able to take into account such experi- 
mental features as the static displacements, the changes in vibrational spectrum, 
and the apparent change in electron configuration deduced from Hall effect data 
(16). There is also considerable uncertainty on how to take into account the 
apparent changes in atomic sizes as the composition of the solution is changed, and 
it has been suggested that the actual arrangement which is observed in a solid 
solution is a consequence of the tendency for close packing of atoms of different 
sizes. On the whole, there is considerable activity in both experimental and 
theoretical studies of solid solutions and the binding forces between atoms, and 
it is expected that new techniques and new approaches will continue to improve 
the state of the existing information. 

The research described in this report is of a fundamental nature and often 
makes use of simple solutions and alloys in order to clarify the effects which are 
observed. Alloys are chosen for study on the basis of the possible information 
which can be obtained from an investigation rather than from the standpoint of 
immediate usefulness. However, it is often possible to apply the results of such 
a basic study directly to a practical problem in the atomic-energy program. For 
example, in looking for alloys composed of atoms of very much different size in 
order to increase the effects of atomic size we chose the uranium-niobium solid 
solutions for study. 

It turns out that these metals form a series of solid solutions quite similar to 
those observed in gold-nickel and aluminum-zine alloys and it was possible to 
apply the same techniques which had been used to study the atomic configurations, 
the atomic sizes, the local distortions, and the interatomic forces in the latter 
alloys. This study is now in process and it is already apparent that the resulting 
fundamental information will be of great value in providing an understanding 
of the response of these materials to heat treatment and in understanding the 
behavior of these alloys in a reactor. These materials are of possible interest 
as a fuel element and we are thus in the happy position of carrying out very 
fundamental studies on materials which may become important in reactor tech- 
nology. This illustrates the fact that it is often a very short half step from the 
basic research on a material to its application on an engineering basis. 
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Representative Price. Our next witness is Dr. Cyril Stanley Smith, 
a distinguished metallurgist from the Institute for the Study of Metals 
at the University of Chicago. 

In addition to receiving the United States medal for merit in 1946 
and the Clamer medal of the Franklin Institute in 1952, Dr. Smith has 
received the Hunt and Mathewson awards and was a Guggenheim 
fellow in 1955. 

From 1946 to 1953 Professor Smith was a member of the General 
Advisory Committee to the United States Atomic Energy Commis- 
sion. Recently he relinquished the directorship of the Institute for 
the Study of Metals in order to return to active research in the labo- 
ratory. Today he will describe his current research on the microstruc- 
tures of metals and some effects of explosive shock thereon. 

Dr. Smith, we are glad to have you here. 
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STATEMENT OF DR. CYRIL STANLEY SMITH,' OF THE INSTITUTE 
FOR THE STUDY OF METALS, UNIVERSITY OF CHICAGO 


Dr. Smiru. I would like to begin by paraphrasing a remark of 
Robert M. Hutchins when he was chancellor of the “U niversity of 
Chicago: The Institute for the Study of Metals is not the largest 
research institution in metallurgy—it is just the best there is. 

Previous speakers this morning have been talking about the proper- 
ties of matter on an atomic scale. My own field of interest has been a 
somewhat larger scale of aggregation and is more nearly equivalent 
to the biologist’s cell. It is ‘readily seen with an ordinary microscope. 
Iam talking about the grain, the small microcrystals, enormous num- 
bers of which make up an ordinary piece of metal. Both of the areas 
that I wish to touch on comprise research of a fundamental nature, 
but the first suggestion came from work done toward fairly practical 
objectives. 

The first one goes back to my work with the American Brass Co. 
where I had the responsibility for developing new copper alloys, and 
the second is related to work at Los Alamos during the war. I men- 
tion this because I think that some contact with practical things is 
very useful for a fundamental researcher to have. I believe that 
fundamental research in a complete vacuum without any contact with 
reality sometimes gets a little far-afield. 

Metals, as you know, have always been extremely important in arm- 
ament. One very great advance in armament that occurred many 
many years ago was the development of the Damascus sword. The 


warriors against whom the Crusaders were fighting fought with a 
sword that looked like that. 


“ meee: Birmingham, England, October 4, 1903; naturalized 1940; married 1931; two 
ebildren. 


Education: Bachelor of science, Birmingham, 1924; doctor of science, metals, Massachu- 
setts Institute of Technology, 1926. 

Professional experience : Research associate, physics, Massachusetts Institute of Tech- 
nology, 1925-27; research metallurgist, American Brass Co., Waterbury, Conn., 1927-42; 
research supervisor, War Metallurgical Committee, National Research Council and National 
Defense Research Committee, 1942-43; associate division leader in charge of metallurgy, 
Los Alamos Scientific Laboratory, 1943- 46; director, Institute for the Study of Metals, 
University of Chicago, 1946—57 : professor of metallurgy, Institute for the Study of Metals, 
University of Chicago, 1946 to present. 

Committees and awards: General Advisory Committee, U. S. Atomic Energy Commission, 
1946-52: Materials Advisory Board (National Research Council); United States medal 
for merit, 1946; Clamer medal, Franklin Institute, 1952; Hunt and Mathewson awards; 
Guggenheim fellow, 1955. 


Major fields of research: Structure of metals and alloys; interface energies; history of 
metallurgy. 
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Figure 1.—Appearance of surface of Damascus sword blade (18th century) 
slightly magnified 
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That is a Damascus sword made many centuries ago (fig.1). These 
blades are characterized by having a visible structure which originated 
in the method of making the steel and was developed by chemical etch- 
ing of the finished blade. They were far better than any European 
swords at the time, and their superiority came about from the fact 
that the oriental smiths saw the structure in the steel and knew what 
they were doing: If they did something wrong, they could immediately 
see that it was in error. 

It took European metallurgists a good many centuries to duplicate 
this kind of thing, and it would have been much sooner had they hit 
upon the trick of Soveloping a visible structure. 


Actually, the modern era of physical metallurgy arose from some- 
body studying meteorites. The first time that the crystal structure 
was seen on a sectioned piece of metal was in a meteorite in 1808. 
Fifty years later this was taken up by geologists and eventually by 
metallurgists, and this study of the crystalline structure of metals, as 
developed by polishing and etching them really started modern scien- 
tific metallurgy on its way. 
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Ficure 2.—Model showing array of atoms in a polycrystalline aggregate. Shows 
grain boundaries and internal imperfections. 


Now, I have a photograph here of a model showing what happens 
when two small crystals meet each other (fig. 2). The regular ar- 
rangement of atoms in all these crystals is exactly the same except for 
their orientation in space. There is a line between any two crystalline 
patches whether the atoms do not know whether to belong to one 
crystal or another, so there is a condition of disorder between these 
two crystals. This is the grain boundary and it is a disordered high- 
energy area, which because of its energy, if given a chance to change, 
will move toward a configuration of lower area and hence lower 
energy. 
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The characteristics of these boundaries are remarkably similar to 
something with which we are all very very familiar, that is bubbles. 
One can learn a great deal by just studying froth on a washtub, or 
preferably on top of a glass of beer or something like that. 








FIGURE 3.—An array of soap bubbles. 
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Ficure 4.—Surface of a sheet of polycrystalline aluminum, heated to incipient 
fusion. Unetched, magnification 4X. 
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Ficure 5.—Grain boundaries on a sectional surface of polycrystalline iron. 
Magnification 100. 


This is a soap bubble array between two glass plates (fig. 3), and here 
for comparison is a surface of aluminum heated just to the point 
where it is starting to melt (fig. 4). These lines that you see on the 
surface, which look so similar to the soap bubble pattern, are the grain 
boundaries, the two-dimensional zones which mark the change of ori- 
entation between the three-dimensional crystals. 

If you go beneath the surface of aluminum or steel or any metal, 
you see a structure like this (fig. 5). This is developed only by chem- 
ical etching, in the way that the Damascus sword makers used to 
etch their blades. These lines are the boundaries and the areas 
within them are the uniform crystals. 

Now, there is some very interesting simple mathematics tied up 
with this. Because these grains have to meet three at a corner, the 
average Shape of them has to be a hexagon. In a random array, 
sometimes it will be more and sometimes less than six sides. But 
notice, because the angle has to be 120°, there have to be curved sur- 
faces, and a curved surface is unstable so that there is a progressive 
change in size of the grains when they are annealed. 
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Fieure 6.—Tube containing soap froth under low pressure to demonstrate 
mechanism of grain growth. 


I have here a small soap bubble model which I would like to pass 
to you, if I may, Mr. Chairman (fig. 6). This is just a soap froth 
in a glass tube under low pressure. If you watch it for a moment you 
will see the size of the bubbles changing, and these are changing in 
exactly the same way that grains of metal change their size when 
annealed. 

In three dimensions, it is not a hexagonal pattern. The average 
number of edges to the grain faces will be 514 and so the grains are 
made up of a mixture of five-sided faces and others. 





Fieure 7.—Separated grains of beta brass. Magnification 8X. 
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Figure 8.—Cells in human fat tissue, magnification 400 (from proceedings 
American Academy of Arts and Sciences, Vol. 61). 


Here is another interesting fact: Here are some three-dimensional 
metal grains and you can see the frequency of pentagonal faces on 
them (fig. 7). Now, this isn’t the result of it being a metal or even 
the result of its being a crystal. Here is something which you will see 
looks exactly the same as the metal grains (fig. 8). It is an illustra- 
tion taken hs a paper by a Harvard anatomist, the late Dr. F. T. 
Lewis, on the shape of cells in biological tissue, and these are actually 
human fat cells. They are almost exactly the same shape as metal 
grains which indicates the importance of space-filling and surface 
energy factors. 

Now, I would like to go on from this simple, kind of structure in 
pure metals to what happens in alloys. In an alloy you may have 
two constituents. You have the problem of fitting together two dif- 
ferent kinds of crystalline grains and in this case, the pattern that 
occurs or the distribution of the second phase in relation to the first, 
depend on the same surface energy factors. The alloy tries to achieve 
the lowest total energy, and this results in triangular-shaped crystals 
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es at the juncture of three others, and with the angle of the 
corners depending upon the energy of the interfaces. This angle can 


be high like this one (fig. 9) of an aluminum-cadmium alloy, or it can 
form a concave triangle (fig. 10) or in a special case, particularly with 
liquid metals, the angle can be zero and the acaad constituent can 
penetrate completely between the grains of the first. A structure like 


that (fig. 11) obviously produces brittleness because there is no contact 
between the crystals. 





Fieure 9.—Alloy of aluminum with 5 percent cadmium. Magnification 500. 
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Ficure 10.—Alloy of aluminum with 3 percent of both tin and copper. 
Magnification 250. 
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Ficure 11.—Alloy of copper with 1 percent bismuth. Note how the bismuth 
spreads as a film between the crystals of copper, but forms spheres when not 
in contact with a grain boundry. 


I should mention that these noncrystalline looking structures are 
characteristic only of randomly or iented er ystals. In the case of heat 
treated steel, age-hardening alloys, and most structures due to the 
formation of one c rystal within another, the constituents really do look 
like the layman’s idea of a crystal, a polyhedron with flat faces and 
sharp edges. 

I now wish to go to a totally different subject. This is work that 
first occurred to me when I was at Los Alamos during the war, but it 
has recently become active thanks to the very close cooper ration of the 
members of group GMX-6 at Los Alamos. 
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The question is, what happens to a piece of metal when it is deformed, 
not in the usual way, by stretching it or compressing it at ordinary 
speeds, but when a very high intensity shock wave 1s applied to it. 
By the use of high explosives, one can pass through a piece of metal 
a pressure wave which will result in a density cha ange of as much as 
20 percent, and this happens abruptly or sharply at an interface. Be- 
fore the interface there is normal material and behind it, the metal 
has a density 20 percent greater. This interface between the two 
zones has something in common with the interface between two dif- 
ferent crystals of the kind I was talking about before. 





Figure 12. Microstructure of copper subject to high intensity explosive shock. 
Magnification 500X. 
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The question is what happens to the metal crystal when these waves 
move through it? Looking under the microscope at a specimen of 
copper after shock, one sees an interesting structure like this (fig. 12.) 
Tm addition to the normal grains which you have seen before, the sam- 
ple develops another fine banding of a different kind which are 
“mechical twins” produced as a result of the rapid deformation. 

In the case of iron, the condition is much more complex, and it is 
rendered particularly interesting by the fact that in iron there is a 
discontinuous change in density, and consequently the shock does not 
move through uniformily but moves through in a double form. 

Following the first shock, which goes up only to 130,000 
atmospheres, there is a second shock which may reach any desired 
pressure within the capability of the high explosive system. 





Figure 13.—Microstructure of iron near free surface after shock to 420 kilobars 
pressure. Note interaction zone near surface. Magnification 500. 
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FIGURE 14.—Same sample as Figure 13, but magnified 500. 


These shock waves can be made to interact with each other by re- 
flecting the first one from a free surface, when it comes back as a 
rarefraction and hits the ongoing second shock so the pressure 
abruptly drops at this point. Then one sees interesting structures in 
the metal of this kind (fig. 13) where the shock is essentially frozen 
in space. The structure corresponding to the second part of the shock 
wave ends abruptly, though it has detail at higher magnification (fig. 
14). 

This metallographic work is done quite simply by looking at the 
metal in the old fashioned way under the microscope yet it has ac- 
tually given for the first time some definite information on how 
rapidly the pressure rises in these shocks. It is interesting to see, as 
one can in the details of these structures, that the shock proceeds at 
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the same rate in all of the different crystals with no dependance upon 
orientation although the structural details do vary from grain to 
grain. 

~ T think that this work will prove to be more useful to the people 
concerned with shock propagation and high explosive systems than 
to metallurgists themselves. It provides a rather useful indicator 
for measuring shock direction and pressure which can be applied to 
any surface in any system. 

I think I have talked long enough and I thank you. 

Representative Price. Thank you, Doctor. Are there any ques- 
tions? 

Chairman DurHam. How much of your effort at Chicago Univer- 
sity, how much does it amount to? 

Dr. Ssurrn. The Institute for the Study of Metals is a research 
organization that harbors people from the physics department and 
the chemistry department and other places within the university. We 
parallel on a research level the work of the departments. On the 
staff of the Institute of Metals we have approximately 80 people at 
the moment, which includes quite a few part-time students. 

Chairman Dvriam. How many graduate students do you have ? 

Dr. Smtru. Twenty graduate students are doing work there. These 
graduate students will get their degree from the departments of phys- 
ics or chemistry. The institute is a research organization, and it 
does not itself give degrees. 

Chairman Durnam. Do most of your graduates go to industry or 
the teaching profession ? 


Dr. Smiru. Most of them actually go into industry, though a fairly 
large number go to universities. 

Representative Price. Dr. Smith, your connection with metallur- 
gical research in this country, particularly with the Atomic Energy 
Commission, has been one of long standing and considerable experi- 
ence. Would you care to comment on the relative usefulness of the 
Atomic Energy Commission’s research programs in relation to the 
total United States effort in fundamental metallurgical research ? 

Dr. Smrru. This isa little difficult to answer. 

Representative Prick. What I am trying to get at, is how much 
impetus has the atomic energy program put in the progress of metal- 
lurgical research in the United States? 

Dr. Smirn. The work which has been financed by the Division of 
Research of the AEC, has made really an enormous contribution to 
the whole field of research in materials. I do not know, in terms of 
either dollars or men, exactly how it would compare with the fine 
work done by the Office of Naval Research, for instance. 

It is certainly extremely important, and I would guess that it is 
roughly of the same scale. Both the Office of Naval Research and the 
Atomic Energy Commission, on the whole, have been extremely under- 
standing of the kind of thing that is necessary to make academic re- 
search flourish. 

Representative Van Zanopr. Are you satisfied with the rate of prog- 
ress we are making in this field ? 

Dr. Smrrn. No, Iam not. But I do not know quite what one can 
do about it until the number of good students coming up from the 
high schools who are interested in this area is increased. 
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Representative Van Zanpr. Then the bottleneck results from the 
need of more students at high school level ? 

Dr. Smiru. I think so. I think, as Dr. Urey said yesterday, it is a 
question of more students with an intellectual interest. I, for one, 
would not want to see overemphasis on science, but I would like to see 
a great deal more emphasis on intellect generally, and I don’t think 
that you can overemphasize it. 

Representative Hosmer. Doctor, I have heard it said that industry 
wastes a lot of scientific talent by taking a doctor of philosophy and 
putting him on a job that someone of lesser training could handle. 
Would you care to comment on that ? 

Dr. Smrru. I think in some respects this is even more true of uni- 
versities, where you find university professors doing glass blowing 
and electronics and that sort of thing. If there is one thing that an 
organization like the Institute for the Study of Metals at Chicago 
does, it is to provide academic people with a certain amount of essen- 
tially nonacademic service assistance, so that it is possible to ask 
somebody whose job it is just to build apparatus and to make single 
crystals and this sort of thing. 

Representative Hosmer. Would you say that this is an important 
part of our overall scientific shortage problem or is it an inconsequen- 
tial part? 

Dr. Smiru. I feel, myself, that the important thing is for a scientist 
to do what he wants to do. I am a little horrified when I think of too 
much organization in science. I would not like to see a few huge or- 
ge :nizations, and I would like to see a highly diverse pattern of organ- 
ization. I would like individual scientists, if they want to, to do their 
own glass blowing, to be able to do it and not feel slightly guilty 
about it. 

Actually, in my own case, I really quite enjoy doing menial tasks 
in the laboratory and it is a wonderful chance to think when one is 
just polishing a specimen or something of this kind. Too much as- 
sistance for a scientist, I don’t think, is good. I think it is particularly 
true in the fundamental area. 

When you are going to apply things, and when you know where 
you want to go, where the objective is clearly in view, then all of 
the organizational assistance you can put on is good. But when you 
are searching for ideas, and you don’t even know what idea you are 
looking for, there is really no substitute for one man’s thinking, alone. 

You don’t help his thinking by cluttering his mind up with all 
kinds of things to be managed : and organized and reports to be written 
and accounts to be balanced and this sort of thing. 

Representative Hosmer. Thank you. 

Chairman Durnam. Can you give us the number of institutions 
throughout the country that have the same type of organization that 
you have? ~~" you familiar with the number? 

Dr. Saarn. I do not think that there is any organization exactly 
the same. I suppose there must be approximately between 4 and 6 
of somewhat similar organizations. 

Chairman Durnam. Between 4 and 62 

Dr. Smirn. Yes. I would like to repeat what I said earlier. I do 
not think any one form of organization should be duplicated too 
widely. Diversity is extremely important in research 
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Representative Price. One of the questions we have been asking, 
Doctor, of most of the witnesses here, who are people actually engaged 
in work in basic research, is what are their views on the general 
level of support given to basic research in the United States? Do 
you care to express your views on that subject ? 

Dr. Smiru. It could be perceptibly greater. I would not want to 
see it very vastly increased suddenly because, I think, the availability 
of more money would have people worrying about how to spend 
it rather than worrying about how to do research. I think a factor 
of 50 percent on basic research would be all that we could absorb 
ina matter of a few years. 

in it is a question of the number of people there who are 
capable of doing fundamental research and who want to do it. I 
don’t think it helps at all to try to turn people into fundamental 
researchers who are not, by temperament and intellect, the kind of 
people who should be doing fundamental research. 

I would like to say one thing about the general support of research 
and the character of the grant that is made. I have been enormously 
impressed by the way the English university grants system works. 
This is money given, essentially without restrictions, to universities, 
and in a 5-year period the universities are reviewed, and if the uni- 
versity is a bad university, it doesn’t get much money until something 
is changed. But it doesn’t really make sense for an external group 
to look in detail into the way the money is spent. It is much better 
to give it toa group like a university, or, if you prefer, to a department 
in a university rather than to specific faculty members, provided also 
that specific faculty members have some other source of money they 
can go to if they don’t get on with their chairman. 

Senator Pastore. I think that you make a telling point. That 
has been part of the trouble. I think that we waste so much time 
and trouble in administration that sometimes we lose sight of the 
objective. I think, after all, in an accredited school, it has the ad- 
ministrative procedures to see that the money is well spent and I 
think that is the way it ought to be given. I quite agree with that 
expression. 

Representative Price. That is as against our system of contractin 
for specific projects and keeping tight control of the project an 
telling them what to do? 

Dr. Smirn. That is right. 

Chairman Duruam. It applies to every Government agency. That 
is pt Defense Department goes in there and tells you what you have 
to do. 

Dr. Smirn. I would like to tell you one thing about the contract 
that we have with the Atomic Energy Commission. 

This bears the title, “Research in the Science of Materials.” It is 
a grant which is so broadly worded so that we can essentially do 
anything we like under it and I think this is really a model which 
I would like to see copied quite freely throughout the country. I 
think that we are the only contractor with a contract that is so broadly 
worded. 

Representative Price. Is that an AEC grant? 

Dr. Smirn. That is an AEC grant, and the Defense Department 
grants are all somewhat more limited—although I must say that in 
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practice we have not felt any severe restriction because the research 
administrators in Washington have proved really very understanding 
of our viewpoint and have tolerated some work on grain boundaries 
when the contract called for diffusion, for instance. 

Representative Price. Has there been any reduction in your defense 
grants in the last year or so? 

Dr. Smirn. Such reduction as did occur at one time is about to be 
rectified. I might mention one other thing. At the university we 
are fortunate in having a fairly considerable amount of money (con- 
siderable for us, though trivial on an absolute scale), which comes 
to us from our industrial sponsors who give us quite sizable amounts 
of money, completely without strings, just to support the work of 
the institute. 

As I said before, that is the ideal way in which money should be 
given, provided that the institute continues to do good work. 

I wish to mention an additional necessity in the environment of 
basic research; namely, library facilities. With the expansion of 
publication in all scientific fields it has become very difficult for li- 
braries, particularly university libraries, to keep up with the procure- 
ment and proper cataloging of new periodicals and books and to 
enrich their holdings of past publications. There has arisen a marked 
tendency for librarians to restrict purchases only to materials known 
to be pertinent to immediate interests. The researcher frequently 
finds himself without easy access to literature on fields adjacent to 
his own, although it is actually at the interface between established 
disciplines that new ideas are most likely to originate. There cannot 
be many all-inclusive libraries, yet I believe that the maintenance of 
a few collections of such scope that they do not need to be highly 
selective is essential for the general intellectual well-being of the 
country, and specifically valuable to the scientist. 

In establishing its own fine Library, Congress has performed also 
a great service to scientists and scholars. I would like to see Congress 
establish similar libraries in 1 or 2 other centers as well as to encour- 
age and enable university and civil libraries to be more comprehensive 
in their coverage. The present plans for increased educational and 
research activity can hardly be better fostered than by the establish- 
ment of such libraries, for the written word is more widely influential 
than the spoken one, and the librarian is as important as the teacher 
in making knowledge available. 

More detailed treatment of the research that I discussed before the 
committee may be found in the following papers: 


C. S. Smith, Grains, Phases and Interfaces: An Interpretation of Microstruc- 
ture, Transactions, American Institute of Mining and Metallurgical Engineers, 
1948, 175, pp. 15-51. 

C. S. Smith, Grain Shapes and Other Metallurgical Applications of Topology, 
Metal Interfaces (Report of Conference), American Society for Metals, 1952, 
pp. 65-1138. 

Cc. S. Smith, Microstructure, Transactions, American Society for Metals, 1953, 
45, pp. 533-575. 

C. S. Smith, The Shape of Things, Scientific American, 1954, 190, pp. 58-64. 

Cc. S. Smith, Decorative Etching and the Science of Metals, Endeavour, 1957, 
XVI, pp. 199-208. 

C. S. Smith, Metallographic Study of Metals After High Explosive Shock (to 
be published). 


Representative Price. Thank you very much, Doctor. 
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Are there any further questions? 

We appreciate very much your presentation. 

The next witness is Dr. Joseph E. Draley, of the Argonne National 
Laboratory. Dr. Draley has been active in the field of atomic energy 
since 1942, when he was with the metallurgical laboratory of the 
Manhattan District. 

Currently he is the editor of the corrosion division of the Journal 
of the Electrochemical Society and is past chairman of the corrosion 
division of that society. Ile has been engaged in corrosion research 
at the Argonne National Laboratory since 1948, and will now describe 
some of his work underway at that Laboratory. 


STATEMENT OF DR. JOSEPH E. DRALEY,’ OF THE ARGONNE 
NATIONAL LABORATORY 


Dr. Dratey. Gentlemen, all of you are somewhat familiar with the 
results of corrosion reactions, and I could have brought a piece of rusty 
steel ; however, it wouldn’t have been anything you haven’t seen many 
times before. 

I think you are familiar with the fact that corrosion costs the econ- 
omy of the country a great amount of money every year and that, there- 
fore, it is clear that work to diminish this expenditure is clearly justi- 
fiable. It is not just money that is wasted, but also time and effort 
which could be spent on other things. 

It is probably safe to say that, for all nuclear reactors which pro- 
duce either material or power, it has been necessary to compromise 
either the use of materials or the conditions of operations because of 
the problems of corrosion. It is a major factor to the Atomic Energy 
Commission. 

There has been a considerable amount of effort applied in limiting 
the troubles due to corrosion. Most of this has been in the form of 
testing potentially useful materials in systems which would be typical 
of reactor systems. In other words, it is a sort of trial-and-error 
method. I must say that although there has been some success in 
meeting objectives in this line, it is certainly true that the success is 
small compared to the requirement. 

I think, further, it is quite obvious that, if we understood the cor- 
rosion process, the mechanisms of the reactions, and the fashion in 
which particular damage occurs because of corrosion reactions, we 
should have an immediate improvement in our ability to operate with- 
out the problems that are caused by corrosion. 

The Atomic Energy Commission supports a number of programs 
on fundamental research in corrosion. At Argonne there is one, at Oak 
Ridge, Los Alamos, and at several universities. The Commission is 


1 Born: Washington, D. C., January 26, 1919: married, 1943; two children. 

Education: Bachelor of applied chemistry, Catholic University, 1939; doctor of philoso- 
phy, physical chemistry, 1947. 

Professional experience: Chemist and group leader, metallurgteal laboratory, University 
of Chicago, 1942-45: engineer, Kellex Corp., 1945-46: assistant project engineer, applied 
physics laboratory, Johns Hopkins University, 1946-47: senior chemist and section chief, 
Oak Ridge National Laboratory. 1947-48; senior chemist and group leader, Argonne 
National Laboratory, 1948 to present. 

Committees: Editor, corrosion division, Jonrnal of the Electrochemical Society ; past 
chairman. corrosion division, Electrochemical pastors. 

. —? American Chemical Society, Electrochemical Society, Scientific Research 
ociety. 

Major fields of research: Aqueous corrosion of light metals; gas-metal reactions; 
colloidal hydrous oxide behavior ; heat transfer from surfaces to air. 
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supporting this work. All of them have the general objective of under- 
standing the mechanisms by which reactions are occurriig. 

It is worth pointing out, I think, that the materials whose corrosion 
resistance is good are all reactive materials. That is, at first glance, one 
would expect them to react with something like water or an aqueous 
solution, at rates which should be very high. It is quite remarkable, 
indeed, that they don’t do so in many cases, and in some cases the reac- 
tions are so slow that it is very diflicult to perceive that they are occur- 
ring. That they don’t in these cases is always due to the formation 
in some kind of film, usually very thin, and very highly protective. It 
is the properties of these films, and the things that make them stable, 
that constitutes a very broad field of research in the field of corrosion. 

I think I would like to tell you a little bit about 1 or 2 things now 
instead of generalizing. Aluminum is a metal of suitable nuclear 
properties for nuclear reactors and, under favorable circumstances, 
quite good corrosion resistance. It is largely for this reason that at 
Argonne we have been studying the corrosion behavior of aluminum 
in water and some aqueous solutions. In pure water at temperatures 
below the boiling point, commercially pure aluminum corrodes at a 
rate which is initially quite high. The reaction is fast when it is first 
immersed in the water, but the reaction rate slows down strikingly 
with time. 

In the first day, about one ten-thousandth of an inch of the alumi- 
num surface is corroded away. However, after 10 days, the rate is 
only about one ten-millionth of an inch per day, and after 300 days the 
corrosion rate is more like four one-billionths of an inch per day. 
These numbers don’t mean very much, and it is difficult to imagine 
what they represent. At the last rate I mentioned, it would take 
about 700,000 years to corrode through a piece of aluminum an inch 
thick. 

So, if we had that kind of a situation for our materials, we wouldn’t 
worry very much about corrosion. We don’t unfortunately, of course. 

At elevated temperatures, the same aluminum alloy corrodes in much 
the same fashion for a time. Above about 200° centigrade, there 
comes a time, subsequent to the initial reaction, in which the metal 
shows a completely different phenomenon, and that is at local areas 
on the surface of the metal there is a penetration of the structure. It 
produces a mixture of corrosion product oxide and bits of metal which 
are imbedded in it. This proceeds rapidly. 

The first picture (fig. 1) that I have shows this. It shows the ap- 
pearance of a couple of samples of commercially pure aluminum after 
2 weeks in water at a temperature of 275° centigrade. These local 
areas of penetration have resulted in the formation of swelled areas 
here along impurities that are in the metal, and here around holes 
drilled to support samples, and on this sample, more or less uni- 
formly all over, it is lumpy. If the temperature is a little higher, 
this proceeds faster, with the consequence that after 4 hours at 315° 
centigrade, the sample looks like this (fig.2). This is ashort time, and 
it is the sort of damage that occurs. 
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There is a catastrophic attack that occurs. We spent some time 
trying to understand what was going on here, and we performed a 
number of experiments in an attempt to enlighten ourselves. 

We deduced that the effect was largely due to the penetration of the 
metal structure by some of the hydrogen which is produced in the 
corrosion reaction. This is a normal product of the reaction between 
aluminum and water. So we thought that, from this theory, the thing 
to do was to cause the hydrogen to be formed and liberated, either at 
a place where it would be unaccessible to the metal surface or in a 
condition in which it would not penetrate the metal surface. The 
theory made it relatively easy for us to make some predictions. 

The ones I want to tell you about are that if one added salts of 
certain metals to the water or if one added the same metals metal- 
lurgically in the form of an alloy, this form of attack should not 
occur. The metals which are predicted should be best are probably 
nickel, cobalt, and perhaps to a lesser extent, copper. Although one 
would have predicted the addition of copper salts in solution should 
be good, metallurgically it doesn’t seem as favorable as the others in 
making alloys. 

We tried these things, both from the point of view of adding salts 
to the water, and making alloys, and it turned out that immediately 
we had changed the situation for the value of aluminum in water 
at higher temperatures. The first alloy we made was a successful 
one, and the first attempt at treating the solution was successful. 

I think it is something of an outstanding example of a theory that 
predicts practical things so well and so accurately. 

I do not intend to spend any more time describing for you the 
practical result of this. It hasn’t completely been realized by a con- 
siderable extent. I cannot at the moment tell you how far it will 
go, except I feel that aluminum alloys have a very real place in nuclear- 
reactor futures, whereas presumably one would have predicted it did 
not have one several years ago. 

Perhaps the biggest value, however, of the work was the develop- 
ment of the theory concerning the production of hydrogen at places 
where it is embarrassing to maintaining corrosion resistance. Appli- 
sation to other systems seems definite. We don’t know all of the 
systems it applies to, but one of my enthusiastic interests at the mo- 
ment is to find out for what systems it is valuable, and for what 
systems it will make ready predictions of the reduction of corrosion 
damage. 
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FIGURE 3. 


I forgot to show you the next picture (fig. 3). This is a sample of 
an alloy made by the addition of 1-percent nickel to the material 
that we saw samples of in the preceding pictures. This has been 
corroded in water at 350° C., a higher temperature than the others, 
for a period of 25 days, and although there is a patchy appearance 
to it, this corresponds to the peeling off of some of the oxide corrosion 
product. The metal is not damaged in any way, internally or struc- 
turally by corrosion, and in fact the same mater ial has been corroded 
for periods greater than a year at this temperature, showing only the 
same sort of normal surface reaction. 

The fashion in which oxides protect the metals has been the subject 
of considerable interest. I would like to tell you just one sort of 
thing we have been doing at Argonne. One of the things that has 
to occur through a continuous protective film is the movement of 
electrons outward through the film. If the movement of electrons is 
difficult, that is, if the film is a very good insulator, the corrosion re- 
action should be slow. It was to test the hypothesis that it was the 
electronic resistance of the oxide that determined the corrosion be- 
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havior of zirconium that one of the programs we are carrying out 
was undertaken. 

In the next chart (fig. 4), I have shown measured resistances of 
certain areas on two zirconium specimens. These were corroded for 
2 weeks in water at 35° C., and this put on a uniform zirconium 
oxide film. Then small spots of aluminum were evaporated onto places 
on the surface of these and a metal probe touched to the aluminum. 
In this way we could measure the resistance of the oxide in a vacuum 
at various temperatures. We have plotted, then, the resistance at 
these spots of the oxide at four temperatures. 


FicurE 4.—Resistance versus applied voltage for the corrosion films on two 


zirconium specimens. The films were formed in water at 350° C. (2 weeks). 
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I might point out to you that the lower temperature curves show 
the highest resistance. This is in line with the hypothesis that the re- 
sistance is directly correlated to the corrosion rate, since that rate in- 
creases with increasing temperature. Also, and most particularly at 
the lower temperatures, the resistance of the oxide dana on the 
voltage that is applied across the oxide for the purpose of measuring 
the resistance. 
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We don’t really know what that means in terms of the reaction 
mechanism. We think it is probably quite significant and one of the 
things we are striving to do to continue this work is to see what the 
significance of this is. I don’t believe it would be profitable for me 
to speculate very much. I think we are simply ignorant about it. 

There is one other thing I would like to mention that we are doing, 
because I think it is quite important in a basic corrosion program. 
It depends on the fact that all of the parts of the corrosion reaction 
ineliada the transfer of electrical charge between the various species 
that react. 

It therefore follows that electrical measurements, in principle at 
least, are capable of telling us all of the things that are occurring dur- 
ing the corrosion reaction. The potentials that exist and the re- 
sistances that operate to limit the currents that flow are valuable things 
to know about, and we have a program which has been largely con- 
centrating on learning how to make the most effective measurements 
for environments such as distilled water. 

Thank you. 

Representative Price. Dr. Draley, did you do any work at the Ar- 
gonne Laboratory in connection with the serious problem of corrosion 
on the homogeneous reactor at Oak Ridge? 

Dr. Dratey. None of the things that we have done at Argonne have 
been directly connected with this. We have talked, largely in a theo- 
retical way, I think, with the people involved in it, but our contribution 
must certainly have been trivial. 

Representative Price. This is certainly one of the great problems. 

Dr. Dratrey. Very much so. 

Representative Price. It is not only a problem here, but it is a prob- 
lem all over the world. 

What sort of cooperation do you have on an international basis in 
these studies ? 

Dr. Dratey. There is reasonably good communication between peo- 
ple in the field of corrosion on an international basis. I would rather 
answer the question personally than generally. I have good contacts 
and exchange of information with people at Harwell, for example, 
in the British atomic energy activity, and in other places that are 
working in this field. I personally have no contacts with, for ex- 
ample, Russian scientists, and they have some very good ones working 
in the field. 

Representative Price. Do you see any reports on their work? 

Dr. Dratey. We see papers that come from them, yes, and in fact 
some of them are directly related to the hydrogen damage to mate- 
rials that I find so interesting. 

I frequently have wished we could have a little easier contact with 
the Russians in this respect, and I am not sure how to do it. 

Representative Price. The only contact you do have now is just 
through ordinary exchange of scientific papers? 

Dr. Dratey. Yes, sir. 

Representative Price. Were there any contributions in that regard 
as a result of the first Conference on Peaceful Uses of Atomic Energy, 
in Geneva? 
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Dr. Drartry. Well, we had a few papers dealing with corrosion 
and the Russians had none. I did a little looking there for my coun- 
terpart in the Russian effort, and I couldn’t find any, so I deduced 
they didn’t have at Geneva anyone working in corrosion. 

Representative Price. The papers that you have seen, would they 
predate or postdate Geneva ? 

Dr. Dratey. The papers on the general subject both predate and 
postdate Geneva. I have not seen any papers in which it was stated 
there was any connection between atomic energy application and the 
work. 

Chairman Durnam. How do you assess the overall effort as far as 
the United States effort is concerned? That is, outside of AEC, is 
there much effort being put forth in the universities and by private 
universities ? 

Dr. Dratey. There is a great deal of effort being put forth on the 
subject of corrosion. There is only a very small amount of effort 
being put forth on fundamental studies of corrosion. I think it is 
quite an unsatisfactorily low level. 

Chairman Duruam. Did anybody ever make an estimate of the 
damage in dollars ? 

Dr. Dratey. It is a certain number of billions of dollars per year. 
I can remember one place it was estimated in a report to the United 
Nations Scientific Conference on Conservation and Utilization of 
Resources, in 1949. The report was made by Dr. Uhlig, and was 
printed in 1950 in Corrosion (journal). The cost was estimated as 
5.5 billions per year. 

Representative Price. Is that worldwide, or just here ? 

Dr. Dratey. That was just for the United States. 

Representative Price. That is an industrial estimate? 

Dr. Dratey. Yes. Dr. Uhlig arrived at it, I think, by conversation 
with a number of people in different industries, and at different loca- 
tions in the country who might have been in a position to do some 
“ouesstimating.” Ithink that isthe kind of thing it is. 

Representative Price. Thank you very much, Doctor, for your fine 
presentation. We will include at this point your prepared statement. 

(The statement referred to follows :) 


FUNDAMENTAL CORROSION STUDIES 
By J. E. Draley, Argonne National Laboratory 


It is probably safe to say that for all water cooled reactors producing special 
materials or power, it has been necessary to limit the use of construction mate- 
rials or the operating conditions because of corrosion. In addition there have 
been many serious corrosion problems in systems external to reactors and in 
their supporting facilities. Considerable effort has been expended in testing 
potentially useful materials in typical reactor environments. In spite of this 
fact only minor progress has been made in alleviating many of the corrosion 
problems. 

It would clearly be valuable to know the details of the corrosion reactions 
of interest and to learn the mechanisms of the damaging corrosion phenomena. 

Fundamental corrosion research programs with these general objectives are 
under way at Argonne and Oak Ridge National Laboratories, at Los Alamos 
Scientific Laboratory and at several universities, all sponsored by the Atomic 
Energy Commission. 

It is notable that corrosion resistant metals of most interest are highly re- 
active, and one would at first expect them to react rapidly with water on an 
aqueous solution. It is remarkable that many of them do not do so; in fact the 
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amount of corrosion is sometimes barely perceptible. The nonreactivity in 
these cases is attributable to the formation of quite thin highly protective films. 
Study of the factors leading to the formation and stability of these films on 
metal surfaces constitutes an important aspect of corrosion research. 

Aluminum is a metal with suitable nuclear characteristics and, under favor- 
able circumstances, good corrosion resistance. A considerable fraction of our 
work in the corrosion research group, metallurgy division at Argonne has there- 
fore dealt with the corrosion of this metal. In pure water at temperatures below 
about 200° C., commercially pure aluminum corrodees uniformly at a rate which 
is at first rapid and then diminishes to quite low values. We find that the 
metal is penetrated (by corrosion) of the order of one ten-thousandth of an 
inch during the first day in water at 70° C.; after 10 days exposure the rate is 
approximately one ten-millionth of an inch per day, and after 300 days exposure 
the rate is about four billionths of an inch per day. At the last rate, it would 
take roughly 700,000 years to corrode through 1 inch of the metal. 

The law tentatively used to describe the variation in corrosion rate with time 
corresponds to that previously derived by others, using the theoretical premise 

| that the reaction depends upon diffusion of ions through a continuous oxide film, 
and is induced by a potential gradient across the film. It is seen that kinetic 
studies can afford considerable insight into the mechanism by which metals 
corrode. 

In water at temperatures considerably above 200°C the same aluminum alloy 
begins to corrode in a fashion similar to that at lower temperatures. However, 

after a short time corrosion penetrates local areas on the metal surface, under- 

| cutting bits of the metal. The rate of this local penetration increases with 
time, and destruction of the piece occurs rapidly. Two weeks in water at 275° C, 
produces local swellings on the surface of the aluminum as shown in the first 
picture (fig. 1, p. 306). At higher temperatures destruction is much more rapid. 
The next picture (fig. 2, p. 306) shows what happened to a sample during 4 hours 

exposure to water at 315° C. 

. The overall products of the reaction between aluminum and water are a 

' hydrated aluminum oxide and hydrogen gas. From careful analysis of many 
different experimental observations, it was deduced that the rapid deteriora- 
tion resulted from the formation of some of this hydrogen beneath the surface of 
the metal. From this theory it followed that the rapid deterioration should 
not occur if the hydrogen were produced in a form or in a position where it 
could not penetrate the metal structure. It was not difficult to predict that the 
addition to the water of salts of certain metals (notably nickel, iron, and cobalt), 
or the metallurgical addition of these same metallic constituents to the aluminum, 
should prevent this kind of attack. Experiments were accordingly run a few 
years ago and it was immediately possible either to use normal aluminum alloys 
in dilute aqueous solutions at much higher temperatures than had been possible, 
or alternatively to use the special alloys designed for the purpose in water. 
The next picture (fig. 3, p. 308) shows the appearance of a small sample of an 
alloy made by adding 1 percent nickel to commercially pure aluminum, after 25 
days in distilled water at 350° C. Although some scaling of the oxide is apparent, 
the metal has suffered only uniform and moderate attack. At Hanford, samples 
of this alloy have been tested at the same conditions for over a year with no 
damage occurring except for a normal surface reaction. About four one-thou- 
sandths of an inch of metal was corroded. 

Alloys of this type have been found to corrode at rates which are somewhat 
higher than desirable in water at elevated temperatures. Consideration of the 
mechanism of the corrosion reaction caused us to suspect that the attainment 
of lower rates was prevented by the reaction between the corrosion product oxide 
film and hydroxide ion, a natural constituent of the water. If this were true 
it would be desirable to add to the water a substance which would be absorbed 
on the surface of the oxide film, in this way competing with the hydroxide ions 
for this position and reducing the rate of reaction between hydroxide and the 
oxide. Among possible inorganic additives phosphate ion is one which is strongly 
absorbed at the surface of aluminum oxide The addition of an acid should 
also be helpful because it would reduce the concentration of the hydroxide ions 
present in the water. Accordingly phosphoric acid was tried and found to be 
most effective as an inhibitor for the corrosion of these special aluminum 
alloys. After only preliminary testing, it appears that, subsequent to the first 
Several days of exposure, the corrosion rates of the aluminum alloys in a 
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phosphoric acid solution of suitable concentration (about 30 parts per million) 
are as low as those of any other potentially useful construction material for 
nuclear reactors. 

The theory which was responsible for the development of the special aluminum 
alloys is apparently applicable to a number of other corrosion phenomena. It 
has been developed into a more general form and has been used with apparent 
success in studying the corrosion of uranium and its alloys. It is quite possible 
that the theory explains some aspects of the corrosion behavior of zirconium as 
well. It is considered likely that the most valuable result of the efforts expended 
in studying the high-temperature corrosion of aluminum will turn out to be the 
formulation of this general theory of corrosion damage caused by hydrogen 
produced in the reaction. 

As meutioned above, the formation of highly protective films of corrosion 
product is believed to be responsible for affording corrosion resistance to most 
metals of major interest to us. Studies of the chemical composition, structure, 
and physical properties of corrosion product oxide films have been attempted. 
We have generally been rather unsuccessful in our efforts in this direction and 
are now hiring a specialist in this field of research. 

We have been seriously studying oxide films, but in another way. Since the 
corrosion process involves the movement of electrons through the protective 
oxide film it is interesting to study the resistance of such films to the passage 
of electrons. These studies have been made on zirconium and some of its alloys. 
The primary objective has been to show correlation between the electrical prop- 
erties of the oxides and the corrosion rates of the alloys. In the next chart 
(fig. 4, p. 309) are shown the electronic resistance of specified areas of the oxide 
film on two samples of zirconium, as a function of temperature and of the 
voltage applied across the oxide in measuring the resistance. 

Note that increasing the temperature decreases the resistance of the oxide. 
This is in general accord with the observation that corrosion rates increase as 
the temperature is increased. The additional observation can be made that 
resistances are decreased as the voltage across the film is increased, particularly 
at the lower temperatures. It is possible that this observation will be valuable 
in characterizing the individual processes which govern the growth of the oxide. 

All of the primary corrosion reactions involve the transfer of electrical charge 
between the various atoms, ions, and molecules. It is thus possible in principle 
to measure the progress of the various reactions by direct electrical measure- 
ment of the currents flowing and the potentials existing. Such measurement 
have been made to a considerable extent by other people in a number of other 
cases. However, there has been little or nothing done in the environment of 
most interest to us, namely, distilled water. Unfortunately this is a difficult 
corrodant in which to make such measurements. Our program to date has 
therefore taken the form of working out the best methods and procedures for 
the measurements. 

A good bit of our own fundamental work in corrosion research has at least 
been touched upon here. However, other parts of our program have not been 
covered, and no description has been attempted of the AEC-sponsored research 


by others. 

Representative Price. The final speaker in this morning’s hearing, 
which has been concerned with the research program of the Metal’ 
lurgy and Materials Branch of the Division of Research of the 
Atomic Energy Commission, is Dr. G. J. Dienes. 

Dr. Dienes, a solid-state physicist at the Brookhaven National Lab- 
oratory, has gained prominence from his work on the effects of radi- 
ation on solids. Recently, he participated in a conference on graphite 
at Harwell, England, as a member of a team from the United States. 


Today he will describe his work and that of his associates on “Radi- 
ation Effects in Materials.” 


Dr. Dienes. 
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STATEMENT OF DR. G. J. DIENES,1 SENIOR PHYSICIST, BROOK- 
HAVEN NATIONAL LABORATORY 


Dr. Drenss. I think the statement you just read will not be quite 
correct. There isn’t enough time to describe either all of my work or 
that of my associates. 

Representative Price. I understand you have a prepared paper 
witch will go into the record at the end of your presentation. 

Dr. Drenes. Yes; I will try to cover here a few items that we are 
particularly active on, and that we are interested in at the moment, as 
basic research projects. 

Before I do that, I might say that we can perhaps illustrate a couple 
of points in this field that have not been brought out by the previous 
speakers. This happens to be a field which is now very active in basic 
research which actually started as a very practical problem in the 
atomic energy program. It was realized as early as 1942 that the very 
energetic radiation which falls on materials can cause a great deal of 
trouble in the building of atomic reactors, and from there on research 
and development for quite awhile went hand in hand in trying to solve 
some of these practical problems. 

I would say in the last 10 years the emphasis has changed a little. 
As Dr. Holmes pointed out early this morning, we have realized that 
the high energy radiation is also a very powerful tool for studying the 
properties of crystals. I think as far as basic research is concerned 
this has been the major interest. 

The two projects that I briefly want to describe have to do with the 
dynamic properties of some of the defects that Dr. Holmes mentioned. 
As you will recall, he pointed out that a fast neutron, for example, 
when it impinges on a crystal, is going to knock the atoms of the 
crystal about (fig. 1). 


i pare : Budapest, Hungary, April 28, 1918; naturalized 1945; married 1940; two 
¢ ren. 

Education: B. S., Carnegie Institute of Technology, 1940; M. S., 1942; D. Sc., physical 
chemistry, 1947. 

Professional experience: Instructor in chemistry, Washington and Jefferson College, 
1940-41; teaching assistant, Carnegie Institute of Technology, 1941-43; research chemist, 
Ridbo Laboratories, New Jersey, 1943-44; group leader, physics division, Bakelite Corp., 
1944-49 ; research specialist, atomic energy research department, North American Aviation, 
1949-51; senior physicist, Brookhaven National Laboratory, 1951 to present. 

Societies: Society of Rheology (secretary-treasurer, 1949-53): American Institute of 
Physics, member of the board of governors, 1952-53; member, board of editors of physical 
review, 1955-58; editor for North America, Journal of Physics and Chemistry of Solids, 
1956 to present. 

Major fields of research: Theory of diffusion in crystals; physics of high polymers; 
solid-state physics ; imperfections in crystals; radiation effects in solids. 
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Let me just remind you of two of the simple defects which he men- 
tioned, namely the vacancy and the interstitial, because these will be 
pertinent to one of the projects I want to mention—in this sketch here 
(fig. 2) I have illustrated a crystal, and this point down here [ indicat- 
ing] represents a place where an atom has been knocked out of the 
crystal, and this point we will call the vacancy, and this point over 
here [indicating] represents an atom which has gone into a place in the 
crystal where normally you could not have an atom present, and this is 
the one we call the interstitial atom. 

What I would like to talk about very briefly is how these vacancies 
move about in the presence of the radiation field. 

Dr. Lazarus has already talked to you about the mechanism of dif- 
fusion. He pointed out that the only way we can imagine that atoms 
can be mixed up in a crystal is by means of some of these simple de- 
fects. The on he made—and let me just illustrate it again—is on 
this chart here (fig.3). There are two kinds of atoms illustrated here 
as A and B. I have left one atom out indicating that atom B can 
easily Jump into this place, the vacancy moves over by one lattice 
point, and A can jump into its place. This way you can mix up the 
atoms in the crystal. 

What the radiation does, or the question we were asking, is this: 
If this mechanism of diffusion is true, and if it goes by means of 
exchanging atoms via the catalytic process of the vacancies, then since 
we know that neutron radiation gives as a high concentration of 
vacancies, can we actually speed up diffusion “by irradiating the 
material ? 

In order to investigate this, we have studied a simple alloy system, 
alpha-brass, have irradiated it at various temperatures in the reactor 
and then studied it afterward at various periods of time to find out 
whether some of the metallurgical processes in this system are speeded 
up by the radiation. 

In this particular system, if you will recall Dr. Averback’s talk, 
he mentioned that some atoms like to get close to each other and 
others do not. In this particular case, the copper and zine atoms like 
to get near each other, that is, short range order is developed. When 
you thermally treat the sample, usually you end up in a state which 
does not correspond to the most favorable arrangement of the atoms, 
because there isn’t enough mobility. 

What we were guessing is that by radiation you can speed up the 
mobility and improve the arrangement of the copper and zinc atoms. 
We found experimentally that this was actually true. 

I have a chart here (fig. 4, table I) showing the time necessary to 
achieve what is called short-range order in this : alloy. What is plotted 


on this chart is the time necessary to reach a given state of order in 
the alloy. 
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Table 1 
Radiation Enhanced Diffusion in Alpha Brass 











temp . hee io” thermalaction ‘reaction in - 

297 1.76 | 

262 1.87 10. 

230 | 99 10° 

202 2.10 10° 

170 2.26 1.6 x 10% 
50 3.10 2x10" (extrap) 10" 2.0x 10" 
20 3.4) | 13x10" « \0* 13x10" 
10 3.54 13x10" « 10% 13x 10" 

0 3 


66 | 16x10" » 10* 1.6x 10” 


T= Time to complete 63% of the reaction (( |-) x total exchange ) 


The solid curve here is the time of reaction as a function of tem- 
perature, and that is what happens in the absence of irradiation fields, 
or just in a furnace. We find that the process begins to take an 
awfully long time at 170 degrees, and if you go down to lower tem- 
peratures the time becomes enormously long. At 50 degrees, it turns 
out that the time required is about 30,000 years. 

Well, we can do the same job in the reactor in a very short time. 
That is represented by this dotted line here [indicating]. At the 
present time we have four measurements, running from 50° C. down 
to 0° C., and we find that compared to the thermal rate of the reaction, 
inside the reactor you can achieve this degree of order in the alloy 
in a relatively short time (less than 1 day). The factor of enhance- 
ment of the mobility of the atoms is very large indeed. 

The simple theory behind this also indicated that the radiation 
enhancement should be essentially temperature independent, and that 
is what the data shows here. There is practically no temperature 
dependence at all. 

We feel we are on the right track. I don’t think that we under- 
stand this, by any means, fully, but I think so far our guess is con- 
jirmed, that by introducing these defects by high energy bombard- 
ment, we can influence diffusion and, hence, we can influence certain 
metallurgical processes that you just cannot carry out in the absence 
of radiation at these temperatures. 

The second project I would like to talk about very briefly is a some- 
what related question. We got interested in the question of whether 
the presence of these defects which are introduced by radiation—do 
they affect or do they influence the chemical reactivity of solids. 

The particular reaction we looked at, which is also of interest in 
reactor technology—as far as we were concerned this was really inci- 
dental—was the reaction between graphite and oxygen. In this case, 
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we found that upon irradiating a piece of graphite, before we allow it 
to burn in oxygen at rather low temperatures, this prior irradiation of 
the graphite very much infiuences the rate at wihch graphite will burn. 

I don’t have a chart on this, but I do have a table (table IT), and I 
will point out just a couple of numbers to you as to what we have ob- 
served. I don’t think you will have to worry about all of the numbers. 


Table I 


Rates of oxidation for graphite subjected to various irradiations 
Reaction rates in % weight loss/100 days 





|UNIRRADIATED | PILE =| _—~PILE 
°c TED | SAMPLES + | SAMPLES | SAMPLES 
2 SIMPLES 9 SAMPLES | 600,000 r/hr | HIGH FLUX | LOW FLUX 
"| > FLUX | 





—_—__—++ 


450 | 862 (195.6 | 
400 6.62 | 34.76 | 36.92 
350 <0 | Le oa | 
300 § .056 ae) ee ee 
250 | .020| .108 74 | 016 








At 300°, for example, we get a reaction rate on an unirradiated 
sample a factor of 6 or so lower. Put it the other way, the irradiated 
sample will burn or oxidize about 6 times as fast as a piece of unirra- 
diated graphite. Similarly, if you take a piece of graphite and carry 
out the experiment inside the reactor, where you have a combination of 
creating defects and the ionizing radiation impinging on the gas, you 
have a higher rate of increase in oxidation. It goes up by another 
factor of 4 or 5. 

We feel this is an important effect. We feel that this has implica- 
tions in many fields of solid state chemistry and physics, in two ways. 
First, nobody has a decent theory of catalytic activity of solids. This 
is one of the first indications that chemical activity of solids is related, 
just like so many other properties of solids are, to these very minute 
concentrations of imperfections in the crystal. It has also some im- 
plications, which I think are obvious to the committee, in the nuclear 
technology field. You do have to worry about the chemical reaction 
of various materials when they are inside the reactor. 

There is one more short statement I would like to make which is in 
the nature of not a current project but something that has happened 
over the last few years that I would like to indicate as a very direct 
payoff in fundamental research in this particular area. As many of 
you might know, the distortions in materials inside reactors can be 
very important in determining the lifetime of the reactor. For ex- 
ample, the graphite in the Brookhaven reactor steadily expands as the 
reactor is run, and finally this causes distortions that cause difficulties 
in loading the reactor, the fuel channels are distorted and the central 
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gap of the reactor ischanged. These effects may put a limit on the life 
of the reactor. 

When the Brookhaven reactor started to get into trouble because of 
this distortion, about 1953, there was already a great deal of funda- 
mental information available on graphite, coming from many groups 
in the country. On the basis of all of this fundamental information, 
which was at that time available, we could see quite clearly what had to 
be done in order to rectify the situation as far as the Brookhaven 
reactor was concerned. We had to heat up the whole reactor to some- 
where between 300 and 350 degrees and let it sit there for atime. This 
heating up gives enough mobility to the defects in the crystal so that 
the graphite tends to come back to its original position. 

We had to look at our own graphite a little more carefully, just 
so we would run this rather tricky large-scale experiment correctly. 
But the amount of time involved was of the order of one man-year, 
while it would have taken many, many man-years to accumulate all 
of the information on which we based this large-scale experiment, 
which, incidentally, was successful or I wouldn’t be talking about it. 
On the first annealing we got about a 30 percent reduction in the 
distortion and the reactor has been annealed several times since then 
and it looks like the distortion will not be a serious problem for man 
years to come if we can carry out this schedule. The point I wish 
to make is that in the absence of fundamental information, we 
couldn’t have done this, and we probably couldn’t have accumulated 
the information in time to help the Brookhaven reactor. Fortu- 
nately, the fundamental information was there, and we made full 
use of it. 

Chairman DurHam. Do you remember the cost of the reactor ? 

Dr. Drenrs. The Brookhaven reactor, if I remember, was some- 
thing of the order of $20 million. It is a large research reactor, as 
you know. 

Chairman Durnam. Then the research job paid good dividends 
to the Federal Government ? 

Dr. Drenrs. Yes; very much so. 

Chairman Durnam. Those things are not generally known, that 
is why I raised the point. We do not see it unless we call attention 
to it. We try to get funds and some people say that we research and 
research and never put anything in the barn or the warehouse, you 
know. We hear that all of the time when we ask for these funds. 

Dr. Drenes. This is all [havetosay. ‘Thank you. 

Representative Price. I notice that you have collaborated on a 
book on nuclear fuel. Have you ever done any research on the use 
of plutonium asa fuel ? 

Dr. Dienrs. No. For the book which Dr. Gurinsky and I put out 
after the Geneva Conference, my part was on the radiation damage 
and the physics of materials, including uranium, and Dr. Gurinsky 
was responsible for most of the story on the fuel elements. I am by 
no means an expert on that phase of the work. 

Representative Price. Thank you very much, Doctor, and we 
appreciate your statement and the statements of all of the other 
people who testified here this morning. We are grateful for your 


coming down and giving us this time. Your full statement will be 
made a part of the record. 
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(The statement referred to follows :) 


RADIATION EFFECTS IN MATERIALS 
G. J. Dienes, Brookhaven National Laboratory, Upton, N. Y. 
1, INTRODUCTION 


While some aspects of the interaction of various nuclear radiations with 
solids have been studied for many years, the very active interest in radiation 
effects in solids at the present time is largely the result of wartime research on 
nuclear reactors. E. P. Wigner recognized in the latter part of 1942 that ener- 
getic neutrons and fission fragments, born in the fission process, would have the 
ability to displace atoms from their equilibrium positions. He reasoned that 
heavy bombardment of a solid by such energetic massive particles might lead 
to serious technological effects. This observation prompted an immediate pro- 
gram of theoretical and experimental study on the nature and magnitude of 
the effects to be expected. Publication of basic studies commenced in 1946, but 
much technological and basic information remained classified until the Geneva 
Conference on the Peaceful Uses of Atomic Energy in 1955. <A brief summary 
is given in this introduction of our current knowledge in the field with empha- 
sis on those items needed in the description of some of our current investiga- 
tions. Naturally, this summary is based on the work of many scientists in many 
laboratories. 

As may be expected, much of the early work was concerned with applied 
problems of interest to reactor technology. During the last decade the emphasis 
has changed slowly as it became clear that the study of radiation effects can 
lead to new and valuable insight into the properties of imperfections in solids. 
The relation of physical and chemical properties to the defect structure of 
solids has become an increasingly important part of solid-state research. Ir- 
radiation with energetic particles represents a new and powerful tool in this field 
since a large number of defects can be introduced into a crystal this way in a 
reasonably well-controlled manner. 

During the last few years the subject has achieved a certain degree of ma- 
turity. There is a theory for the production of simple point defects, namely 
interstitial atoms and vacant lattice sites, by energetic particle bombardment. 
A number of basic experiments have been done which in some ways support the 
simple theory but depart from it in other respects. It has been recognized that 
more cooperative effects, involving a few or perhaps a large number of atoms, 
may be of importance, and an outline of a theory of these cooperative effects is 
at hand. Thus, many diverse experimental observations can be and have been 
correlated, although the finality of the prevailing picture is difficult to judge. It 
is possible that present ideas will be considerably altered as more exact theoret- 
ical work becomes available and more carefully controlled experiments are per- 
formed. 

Present interpretation of the changes in the properties of solids brought 
about by high energy radiation centers around the production of several types 
of defects in the solid by radiation. These defects are (a) vacancies, (b) in- 
terstitial atoms, (c) impurity atoms. Each of these simple defects is described 
briefly below. 

(a) Vacencies.—Vacant lattice sites may be created by collisions of ener- 
getic particles with the atoms in a solid lattice. The energy transferred in 
these collisions is usually sufficient for the recoiling atom to create further va- 
cant lattice sites by subsequent collisions. Thus, for each primary collision, 
a cascade of collisions resulting in vacancies is initiated. 

(b) Interstitial atoms.—The atoms that are displaced from their equilibrium 
positions in the lattice will stop in a nonequilibrium, or interstitial, position, 
provided they do not recombine immediately with a nearby vacancy. 

(c) Impurity atoms.—Impurity atoms are formed under neutron bombardment 
by transmutation. A special case of this is the introduction of fission products 
by the fission process. The effect of fission fragments is usually the more 
pronounced of the two, although both mechanisms are often insignificant com- 
pared to other radiation effects. 

These defects were described briefly because the main fundamental research 
in this field deals essentially with the production and nature of such defects 
and their relation to the physical and chemical properties of solids. In addition 
to simple collisions there are other important processes leading to observable 
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radiation effects. They are (a) replacement collision, (b) thermal and dis- 
placement spikes, and (c) ionization effects. These processes may be described 
briefly as follows. 

(a) Replacement collisions.—If a collision between a moving interstitial atom 
and a stationary atom results in ejection of the stationary atom and leaves 
the interstitial with insufficient kinetic energy for it to escape from the vacancy 
it has created, then this atom will fall into the vacancy dissipating its kinetic 
energy through lattice vibrations as heat. Calculations show that for a reason- 
able choice of energy parameters the number of replacement collisions may 
exceed the number of displacement collisions. The result is the interchange 
of moving atoms with lattic atoms which can lead to observable effects in 
polyatomic materials. 

(b) Thermal and displacement spikes —A fast particle moving through a lat- 
tice, or an atom that has been hit just hard enough to vibrate with large 
amplitude without being displaced, will rapidly transfer energy to its neigh- 
bors, which beeome abnormally excited. Thus a region of material around the 
track of a fission fragment or knocked-on atom will be heated to a high tempera- 
ture. The region of excitation expands rapidly, and at the same time there is 
a drastic decrease of temperature. The result is called a thermal spike, i. e., 
rapid heating and quenching of a small volume of material. Calculations indi- 
cate that the duration of a high temperature of approximately 1000° K. in a 
region involving some thousands of atoms might be 10° to 10™ seconds. When 
the energy of the fast moving atom falls below a transition value (which 
depends on the atomic number) the mean free path between displacement colli- 
sions becomes of the order of atomic spacing. Then each collision results in 
a displaced atom, and the end of the trail is believed to be a region of the order 
of one to ten thousand atoms in which local melting and turbulent flow have 
occurred during a very short time interval. This is called a displacement spike, 
and is probably important only in heavy metals. 

(c) lonization effects—The passage of charged particles or gamma rays 
through a solid may cause extensive ionization and electronic excitation, which 
in turn lead to bond rupture, free radicals, coloration, luminescence, etc., in 
many types of solids. These effects are most important in the various insulators 
and dielectrics, ionic crystals, glasses, organic high polymers, etc. 

Many physical, metallurgical, and chemical properties are strongly influenced 
by imperfections in solids. The radiation induced changes often have important 
engineering consequences. As typical examples we may cite the distortion of 
uranium and the expansion of graphite upon irradiation. Much of the research 
on changes of the well-known physical properties of solids was very adequately 
covered at the 1955 Geneva Conference. What I would like to do here is to 
discuss briefly two research projects, with which I have been closely connected, 
currently active at Brookhaven National Laboratory. I hope that in many ways 
they may be considered as representative of current research activity in the 
field. In addition, I will also describe briefly in section IV the role of basic 
research in planning and carrying out the large-scale annealing operation of 
the Brookhaven reactor. 


II. RADIATION ENHANCED DIFFUSION 


Diffusion is a very important solid-state process. The formation of compounds 
and alloys depends to a large extent on the exchange of atoms by means of 
diffusion. The mechanism if diffusion is now quite well established. It is found 
to depend on the presence of a very small concentration of simple crystalline 
defects, namely, vacancies and interstitials with the vacancy mechanism dom- 
inant in substitutional alloy systems. The reason for the defect mechanism is 
that a direct excharge of atoms is energetically very expensive. Even though 
there are only a few vacancies present it is energetically far cheaper to make 
use of these as cata'ysts for exchanging atoms. According to this mechanism 
an atom moves into the vacant lattice site leaving its own position empty (the 
vacancy has moved one lattice unit), A second atom can now move into the new 
vacancy thereby bringing about an exchange of atoms. Vacancies are formed 
and destroyed in dynamic equilibrium at the diffusion temperatures. A given 
vacancy brings about a large number of atomic jumps before it is destroyed. 
The diffusion rate at a given temperature is proportional to the steady state 
concentration of defects. 

We became interesied in the following question. Can diffusion rates be in- 
creased by irradiation with energetic particles? The theory of radiation damage 











324 PHYSICAL RESEARCH PROGRAM 


outlined in the introduction indicates that the defect concentration in a crystal 
is very much increased by particle irradiation and these defects should contribute 
to diffusion. Further theoretical considerations indicated that the excess steady 
state concentration of vacancies may be very much larger than the normal 
equilibrium concentration temperatures below the normal diffusion range 
(i. e., below the temperature range where diffusion is usually measured by 
radioactive tracer techniques). At these temperatures a very strong enhance- 
ment of diffusion can occur during particle irradiation (for example, in a nuclear 
reactor). The theory aiso indicated that, when radiation enchanced diffusion 
dominates, the process become far less sensitive to temperature than the normal 
diffusion process. 

Some experiments were devised to test these ideas. Alpha-brass was chosen 
for experimental work because it is a kinetically simple system in which diffusion 
is easily followed by measuring the change in short-range order, which in turn 
is done by following the associated changes in electrical resistivity. These 
experiments on alpha-brass have veritied several of our theoretical guesses. 
Typical data are shown in Table I (p. 319). The I values given in the Table, 
i. e., the times required to complete 63% of the reaction, are an inverse Ineasure 
of the reaction rate for ordering alpha-brass. A comparison of the thermal 
reaction with the reaction in the reactor shows clearly that very large enhance- 
ment (tf much smaller than I) of the reaction rate has been achieved at the 
lower temperatures. For example, the enhancement in rate, and hence in 
diffusion, is by a factor of 2x10" at 50° C. 

A simple dynamic theory for the steady state defect concentration indicated 
that the diffusion rate in the reactor would be temperature independent over 
a rather wide temperature range provided recombination of vacancies and inter- 
stitials is not the important annihilation mechanism. Our experiments are also 
in agreement with this prediction since the reaction times in the reactor are 
essentiallly constant from O° C. to 50° C. 

We have also done some work with high energy (2-Mev) electron irradiation. 
In the case of electron irradiation vacancy-interstitial pairs are expected to be 
produced close to each other and can recombine easily. Per displaced atom, 
therefore, the enhancement is expected to be less efficient. It was found experi- 
mentally that high energy electrons enhanced diffusion but were less efficient 
than fast neutrons by about a factor of 14. 

We hope to continue these studies by using different bombarding particles 
over a wide range of fluxes and temperatures. In this way we hope to obtain a 


great deal of new information about the properties of these very important 
simple crystalline defects. 


Ill. EFFECT OF RADIATION ON THE RATE OF OXIDATION OF GRAPHITE 


A poorly understood but very important field of solid-state physics and chemis- 
try is the chemical reactivity of solids. Displaced atoms, since they represent 
quite drastic disturbances in solids, may have an important effect on any chemi- 
eal reaction involving the solid itself, particularly surface reactions. In order 
to study this problem we have investigated the graphite-oxygen reaction on 
irradiated and unirradiated samples over the 250° to 450° C. temperature range. 
Some experiments have also been run inside the Brookhaven reactor. 

Graphite was chosen for this study because it is known that a fast neutron 
exposure of 1X10” n. v. t. produces o the order of 2.5% displaced atoms in 
this material and that an appreciable fraction of these displaced atoms remain 
in the material up to high temperatures. Such samples were available to us 
from the Brookhaven reactor. It is also known that gamme-irradiation has no 
permanent effect upon the properties of graphite; this permits us to study sepa- 
rately the effects of displaced atoms and of ionizing radiation on this gas-solid 
reaction. Incidentally, such data may be of importance in the technology of 
gas-cooled reactors. 

Some of the data obtained are shown in Table II (p. 320). These experiments 
answered our main question. Prior reactor irradiation was found to increase 
the rate of this gas-solid reaction by about a factor of 5 to 6in the 250° to 350° C. 
temperature range. The reaction rate can also be increased by running the 
oxidation reaction inside a high flux cobalt-60 gamma source: in this case the 
production of active chemical species, most likely ozone, by irradiation of the 
gas is the important factor. A combination of these two effects, i. e., oxidation 
in the presence of gamma radiation of previously reacto” irradiated graphite, 
can lead to quite large increases in oxidation rate, of the order of a factor of 20. 
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Our pile experiments are very preliminary. We find that a sample of untreated 
graphite oxidizes considerably faster at 250° to 300° C. in the reactor than in 
a furnace at the same temperature outside the reactor. 

It is clear that this is one of those problems in which interesting preliminary 
results have been obtained. A great deal of work has to be done before we 
can suggest a mechanism for this radiation effect. 


IV. ANNEALING OF THE RADIATION DAMAGE OF THE GRAPHITE IN THE BROOKHAVEN 
REACTOR 


As a somewhat different example of the role of basic research in the field 
of radiation effects I would like to discuss briefly a rather significant “pay- 
off’ of fundamental research in this field. It has been mentioned already that 
graphite expands upon reactor irradiation. This expansion can lead to serious 
distortions in a graphite reactor and thus cause important operational difficulties 
and may be the limiting factor in determining the lifetime of certain types 
of graphite reactors. 

A large amount of basic scientific information on radiation effects in graphite 
was available at the time when radiation damage in the Brookhaven reactor 
became troublesome (1953). The behavior of all the important physical prop- 
erties as a function of reactor irradiation had been investigated quantitatively. 
It was known that upon heating the material the radiation damage started to 
anneal out; that is, the solid tended to revert to its unirradiated state. The 
fact that radiation effects can be annealed out at higher temperatures can be 
used to reduce the damage in a graphite moderated reactor by running the reactor 
for a short period at abnormally high temperatures. 

In order to carry out such a large-scale experiment some data had to be 
collected on the graphite in the Brookhaven reactor. In principle, enough basic 
information was available to design the large-scale experiment. However, 
the flux and temperature history of the graphite in any reactor is rather poorly 
known and for this reason the Brookhaven graphite had to be examined. The 
results, in general, were in agreement with data obtained elsewhere. It should 
be emphasized that about one man-year was used for these experiments while it 
would have taken many man-years to get ready for a large-scale annealing in 
the absence of all the basic information referred to above. Without this basic 
scientific information it is unlikely that the large-scale anneal of the reactor 
could have been done in time. 

The first annealing operation was carried out in October 1953. The opera- 
tion was successful and resulted in considerable recovery, of the order of 30%, 
of the radiation induced growth in the graphite structure. Since that time, 
the Brookhaven reactor has been annealed several times. The entire course of 
the graphite growth during the life of the reactor is complex. The general trend 
is clear, however, and shows that the annealing to date has reduced the over- 
all growth by a large factor, perhaps 50%. Graphite growth may or may not 
impose an ultimate limit on the life of the reactor, but present annealing 
techniques have materially reduced the threat and greatly extended the life of 
the reactor. I would like to reemphasize that without a sound background 
of fundaniental research these operations could not have been carried out. 
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Representative Pricer. The committee will recess until tomorrow 
morning at 10 o’clock in the same room. 

(Whereupon, at 12:30 p. m., Thursday, February 6, 1958, the com- 
mittee recessed, to reconvene at 10 a. m., Friday, February 7, 1958.) 
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FRIDAY, FEBRUARY 7, 1958 


CoNnGRESs OF THE UNITED STATES, 
SUBCOMMITTEE ON RESEARCH AND 
DEVELOPMENT OF THE JOINT 
Commirres on A'tromic ENerey, 
Washington, D.C. 

The subcommittee met, pursuant to recess, at 10 a. m., in room 304, 
Old House Office Building, Hon. Craig Hosmer, presiding. 

Present: Representatives Hosmer and Jenkins. 

Also present: George E. Brown, Jr., professional staff member, 
and Richard Smith. 

Representative Hosmer. The meeting of the Research and Develop- 
ment Subcommittee will come to order. 

This is the fifth day of the public hearings by this subcommittee 
on the basic research program as it relates to the atomic energy field. 

Other members of the committe will be here later in the morning, 
but realizing the difficulties of time that you gentlemen have, we are 
going to start out at this point. 

First, there will be an appearance by Prof. John H. Williams, of 
the University of Minnesota, on the subject of low and medium 
energy nuclear physics. Professors Williams is an outstanding nu- 
clear physicist and principal investigator for the AEC contract with 
the University of Minnesota. Professor Williams. 


STATEMENT OF DR. JOHN H. WILLIAMS,' OF THE UNIVERSITY OF 
MINNESOTA 


Dr. Witi1AMs. The subject today on low and intermediate nuclear 
physics is much different from the testimony this committee has 
heard previously in the following sense: 

Materials that you have been hearing about and which witnesses 
have been discussing, have been connected with the problems in 
physics and chemistry, and the theories and practices developed from 
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them, which are based upon laws of physics which are reasonably well 
understood. 

On the contrary, the study of the nucleus today is an area of science 
which is made difficult by virtue of the fact that we know practically 
nothing about the law of force which holds the parts of the nucleus 
together. 

This is to be contrasted with the study of aggregates of atoms, as 
you have heard yesterday, in the area of solid state physics, or in 
chemistry, where the interaction of electrons with the nucleus pro- 
vides a force the nature of which is known. The subject of today’s 
hearings is, in itself, in its infancy and beginning, because we want 
first to find, as the central problems of nuclear physics, the law of 
force which binds the particles together in the nucleus. 

So one.could say, I think, without fear of contradiction, that the 
study of the nucleus presents the problem which is at the growing tip 
of physical science today, and which has the greatest mystery and 
holds the greatest secrets of nature and perhaps the greatest promises 
for the future in terms of basic research programs. 

Now we have known for a long time certain very elementary prop- 
erties of the nuclei. We know it has a positive charge, and that 
charge holds the appropriate number of electrons in an atom, and the 
appropriate number of electrons determines the chemistry of that 
atom. 

We have known about the natural radioactivity of the nucleus from 
pre-World War I times, and prior to World War II, the artificial dis- 
integrations of nuclei. These basic researches proved to us that the 
nucleus was not an indivisible body, but rather one made up of more 
basic building blocks. 

As you all know, those building blocks, crudely speaking, are pro- 
tons and neutrons; these form the basic constituents of that nucleus. 

For example, in hydrogen we have only 1 proton, whereas in ura- 
nium 235 we have 92 protons and 143 neutrons, The problem that we 
would like to understand is what holds those building blocks or those 
nucleons together in the nucleus to form a stable structure. 

In thinking about this, one first has to reflect on the two basic forces 
of nature that we knew about previously, the electrical forces which 
hold the electrons in an atom, and the gravitational forces which are 
so common to us in engineering, and in launching satellites, and even 
in establishing our standing on the ground. We have to reject these 
forces, because in both of these cases the forces are well known to the 
physical scientists and they are basically too weak to account for the 
enormous forces which hold together the constituents of a nucleus. 

Lacking the basic knowledge of the nature of the force, we, of 
course, then cannot develop a detailed theory to describe the behavior 
of a nucleus as a whole. We cannot begin to have a theory of the 
nucleus like we have a theory of the atom, which is based on the 
knowledge of the forces which act there, so we cannot predict in any 
detail, when things will disintegrate, and we cannot predict when 
nuclei will fuse together, such as in a thermonuclear reaction, in any 
detail. Nor can we describe such an important process as fission. So 
the basic research in physics is directed toward the solving of this 
elementary and original problem. 
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We do know, however, a great deal about the nucleus. I do not 
want to give you the impression that we are completely ignorant. 
Let us see how we can attack the problem. 

We recognize from the masses of nuclei as a whole and of its con- 
stituents that the average building block is held inside a nucleus with 
an energy of some 8 million electron volts. If we are to take it apart 
we have to have machines which can bombard it with projectiles of 
about this amount of energy, so that we can take it apart and find out 
how it is made. 

These projectiles have to be small; that is, they have to be nucleons 
themselves, nator it is a well-known fact that you cannot tell any- 
thing about a watch by investigating it with an elephant’s foot. You 
have to have a projectile whic h is of the same size, and that means we 
have to accelerate nuclei to strike other nuclei. They have to have 
these appropriate energies. 

So the area of physics which we are discussing today is one in which 
we have machines, ¥. an de Graaff generators ande ye lotrons, where the 
energies they can give to the bombarding particles are of this order of 
magnitude. 

Today we are then confining our attention, as I understand it, to 
the energy region in which we can take apart a nucleus into its con- 
stituents without at the same time being confused by creating new 
partic les in the process. 

The energy region above this, the very high energy region, which is 
an exciting region, is one in which new particles s are produced i in the 
process of t: aking the nucleus apart. 

In order to attack this problem, one might think the best way to 
do it would be to have one nucleon strike another, and to investigate 
from that experiment the interaction between two nucleons. So that if 
we had a proton here, and here is another proton, you could accelerate 
this one to a velocity and then watch the parts come apart, so that 
there would be one scattered here and a recoiled one here, and make a 
study of the number of these as a function of the angle between the one 
scattered and its initial direction. 

Such experiments are being done with a great deal of care, so that 
the nature of the interacting force between a proton—or this neu- 
tron—striking another proton, could be investigated. So the basic 
interaction between the constituents would therefore be known. As 
a result of this sort of experiment, we do know the following facts: 
We know the force between these two nucleons exists only when they 
are within the order of the one-millionth of a millionth of an inch; 
we also know some things about the nature of the force. We find it is 
more than 100 times greater than the electrostatic force, or purely 
electrical forces that interact between nuclei at these distances. 

By studying these simple systems, we know very much about how 
one nucleus is made up, deuterium, in which there are just two of 
these constituents put together. The objective would be to understand 
how complicated it really is. 

Unfortunately we only understand, I think, in a reasonable way, 
this next most complic: ated nucleus, deuterium, and if we go to some- 
thing like tritium—tritium has 1 proton and 2 neutrons—we have a 
difficult theory. 
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I do not mean that we should not pursue this attack more actively 
both from an experimental point of view and from a theoretical point 
of view, because ultimately it will have to be understood. The real 
understanding of nuclear physics will have to rely upon this basic 
information. We cannot hope to get true solutions to nuclear prob- 
lems until we can explain them in ‘terms of the most elementary and 
basic force concepts. 

The other approach, and the one which constitutes the most broad 
work in basic nuclear physics in this low and intermediate region 
today, is what one might classify as a statistical approach to the prob- 
lem. Here one could have, I think, a good analogy with another 
branch of science; that is, the science of sociology, in which the soci- 
ologists, I think, would like very much to be able to understand their 
basic problem. That is, the behavior of society in terms of the inter- 
action between any two people. But the only practical approach to 
the problem is, of course, to study the behavior of large groups of 
people, and from that try to describe and make use of the knowledge 
of the behavior of man in the gross aspect. 

So nuclear physics, in the same sense, lacking complete success in 
describing gross nuclei in terms of an elementary nucleon-nucleon 
interaction, has to look at the statistical behavior. One has to look 
at nuclei, which are made of many particles, and try to find out from 
studying those gross nuclei something about the nature of the nucleus. 

The objective, of course, of such a study is to find new properties 
of the nucleus, and possibly utilize them; that is, for ex xample, to 
explain fission or fusion. We have to try to find correlations, and 
similarities, and to use those similarities to evolve a theory, and not 
a detailed theory but a general theory of some sort, and from that 
theory to predict new things, or new properties as yet not conceived, 
and to test those by new experiments. 

Clearly, in a hearing of this sort and its limited time, one can only 
give some examples, and my colleagues, as I understand, are going 
to talk about some of them in more detail. I would like to only 
mention a few that I have been interested in doing. 

One can understand some of those by simply saying that we will 
erase this particle here [a proton drawn on the blackboard earlier], 
and put in some nucleus of a charge much greater than unity, Z, and 
A. its mass might be 100 or 200. “We can throw projectiles at that, 
and here investigate the recoil of this big particle, and investigate 
these scattered protons and see what can be found. Here is the 
analogy that I like to make: It is one of a blind man trying to investi- 
gate the size and shape of an elephant by throwing baseballs at him. 
if he threw baseballs at various velocities at an elephant, he would 
soon find a great deal about the size and shape, and softness of an 
elephant. That is a problem, of course, similar to what we have here. 

We not only throw protons, but various people throw high speed 
electrons at these large nuclei, and we find out some very interesting 
facts about them. We find that they seem to have a very constant 
density; that is, the distribution of the nucleons seems to be packed 
in at a fixed density. 

We find, also, that if we want to account for the effects, we see 
that when two nucleons get very close together they seem no longer 
to attract each other with these enormous forces, but at very close 
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distances to repel each other. This is the reason, then, that nuclei 
just do not collapse under the mutually attractive forces of their 
constituents. 

Another kind of experiment we can do, in a statistical way, is te 
excite the nucleus in some way by giving it energy, and then watch- 
ing the color of the light which it emits when it deexcites. Let us 
put a star up here [above the symbol for a heavy nucleus], and say 
the heavy nucleus becomes excited, and you can then lose the energy 
by emitting shortwave light. This is analogous to the problem of 
the atomic “physicist 50 years ago or 60 years ago who investigated 
the color characteristics by looking at the w avelengths emitted from 
excited atoms, and he found that he could tell what definite states of 
excitation existed in an atom. 

Here, similarly, in a nucleus, we can find definite quantum states 
of excitation of a nucleus. Such an approach as this is probably very 
fruitful and one would expect it to be Just so because one can look 
back at history and see that by investigating the color of the light 
from atoms Bohr was led to an understanding of the atom. 

Here, in the same way, if we investigate the light given out by 
excited nuclei, we hope to understand something about the energy 
states of the nucleus. 

Now, instead of pursuing the experimental approach, let me say 

i little bit more in detail about the theoretical understandings of 
nuclei, and what our theorists feel might be reasonable models. 

In this case, one must remember and recognize that the understand- 
ing of nuclei is just in the beginning state, and the models we have 
are rather naive models. But I think some of them might be helpful 
to you in thinking about the problem. 

One of them is what we call the single-particle model in which we 
think of nucleons in a nucleus as moving about inside it in the aver- 
aged-out field of all of the other nucleons, just the same as we think 
about electrons in complicated atoms; that is, in terms of just the gen- 
eral field of the atom. 

That approach leads us to some very interesting consequences, and 
we can by means of this approach say why some properties of a nucleus 
behave the way they do. We have something called the magnetic 
moment; that is, magnetic effects of the nucleus. We know something 
about its spin, that is, a sort of a mechanical motion which you can 
think of like the spin of an earth in the planetary system. We know 
something about its lack of spherical shape. All of these properties, 
and others that we can investigate, vary as we go through the periodic 
table. 

We have found certain magic numbers for nuclei which are very 
stable, and you might be interested in the numbers, 2, 8, 20, and 28, as 
magic numbers. That is as far as you get in a roulette table, but let 
me put 50, 82, and 126 down here. These are the magic numbers 
which correspond in a sense to the noble gases of the atomic system. 

Representative Hosmer. May I ask, at this point—I did not quite 
get it clear in the testimony the other day—do those magic numbers 
apply to the nucleons, and not particularly to protons or ‘neutrons, is 
that correct ? 

Dr. Witttams. They apply either to protons or neutrons, so that if 
a nucleus has 8 protons and 8 neutrons like oxygen 16 does, that is a 
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particularly stable nucleus. This corresponds in a sense to it being 
a very inert chemical, in the days of a magic number of electrons. 

Representative Hosmer. Say you have 8 protons, and 9 neutrons, 
you do not have a magic number isotope then, is that right ? 

Dr. Witu1aMs. If you have 8 protons and 9 neutrons, you have 
stability from the 8 protons, but not from the 9 neutrons. There are 
two different kinds of particles in the nucleus, and either one of them is 
magic. There is a very interesting one which has 82 protons and 126 
neutrons, that is lead 208, which is doubly magic. 

Representative Hosmer. When you get a combination of magic num- 
bers, then you really have something? 

Dr. WituraMs. That is right. These are interesting little things. 
I do not think that I should say as much as I have in the printed 
material there on these nuclear models, but let me give you an 
example of another kind of detailed study, and one which we are 
interested in right now at Minnesota, on our 68 million volt accelerator. 
That experiment is an attempt to answer an interesting little question 
which we would like to understand. 

There is a great deal of curiosity about a certain property of the 
nucleus, whether or not the surface is made up mostly of protons or 
of neutrons. It is sort of a detailed structure question. Well, this is 
an experiment which we feel we can attack rather well. With our 68 
million protons, we observe that the interactions between protons and 
nuclei occur many times probably by interactions on the surface of 
the nucleus. The proton coming in prefers not to interact with the 
whole thing, but a lot of interactions occur with the surface, and we 
see coming off not only the incoming protons but the struck proton, 
and here we see one scattered over here. 

Now if we measure these relative numbers of these proton recoil 
events as compared to these neutron recoil events, if the first is more 
probable than the second, we will be inclined to say there are more 
protons on the surface than there are neutrons. So we are beginning 
to be like the blind man, to find a little detail about the structure of the 
nucleus. 

Kepresentative Hosmer. Have you found out anything on that par- 
ticular point? 

Dr. Witu1aMs. Not enough to publish at the moment. It is a prob- 
lem which we are working on right now, and it is just an illustration of 
how one can begin to look at details of somtehing which is so small 
as all of this. 

Mr. Ramey. How is your accelerator working? 

Dr. WiriuiaMs. Very well, thank you. I am led back to the thesis 
of the main problem of nuclear physics. It is to understand the basic 
forces, and from that to develop a detailed theory which can predict 
just these things about gross nuclei that we are trying to find out 
experimentally. 

Now I would like also to say a word or two, if I may, about additional 
reasons for working in this field, besides that of finding an answer 
to the problem which is at the growing tip of physical science, and 
the reasons why I and most of my colleagues are in this business. To 
a certain extent it is because we believe that part of our role is to pro- 
duce the next scientific generation, or the next generation of scientists, 
and I want to say that we believe, or I at least believe, that it is in this 
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area of low and intermediate energy physics that we can make the 
greatest contribution to training of scientists in the future for some 
very practical reasons. 

One, the size of the equipment or the machines is not staggering, 
and our graduate students can actually comprehend and work with 
them. And the problems we are solving are significant in 1958 and 
we believe in 1968 and 1978. 

On the other hand, by saying that they are significant, I mean they 
are exciting. These young people are at the growing tip of science, 
and they have a tremendous opportunity to become well trained and yet 
work reasonably independently. 

If we are going to continue in this sort of work, and I for one want 
to, we have to look to the possibilities of the future in the following 
sense: It is the recognized mode of producing scientists to train them 
in the graduate schools of our universities. This is not the only place 
where research is done, but this is the place where we produce the next 
scientific generation. 

The present interest in training of science students as yet seems to 
have been concentrated in our efforts to increase the secondary school 
interest in science, and also the undergraduate level of instruction in 
our universities. I just want to make the point that one has to have 
out of this funnel some exit of creative scientists, and scientists coming 
out of the undergraduate schools of universities are not sufficiently 
trained to be creative thinkers. 

Representative Jenkins. Let me ask you a question. Here is a 
country boy, and he comes to college, and you get him over in this field 
of activity. How is he going to earn a living, and how is he going to 
get along? 

Dr. Witu1ams. We have employment for the graduate students prac- 
tically without limit, because of the volume of undergraduate students 
that we have that need them as assistant instructors, and also as re- 
search assistants in our researches, so that the going rate of pay for 
young graduate students is around $200 a month, which keeps them 
nice and hungry, and makes them work hard. 

Representative Jenkins. That isall right? 

Dr. WituiaMs. That is the right way to keep them. 

Representative Jenkins. I had to work my way through college. 

Dr. WituiaMs. Iam sure most of us did. 

Representative Jenkins. And it looks like if a fellow is smart 
enough to get in with this line of work, he not only would get an edu- 
cation easily, but he would be worth something when he is through. 

Dr. Wituiams. That is Just exactly the point, Mr. Jenkins, in the 
sense that at the bachelor level, a scientist in the physical sciences is 
not worth very much, and it is the problem of national concern. It 
seems to me, in setting up Federal aid to education in any way, it is 
important to recognize that we have to have the tools to produce the 
finished product. 

The stockpiling of interest in high school and undergraduates in 
science is fine, but that product has to be put on the final lathe and 
turned out as creative thinkers. This is what we personally feel when 
we are doing this job, that we are contributing to the knowledge of 
the country, and to the strength of the country by doing this research, 
not only in gathering the knowledge of the nucleus, but also in train- 
ing the next scientific generation. 
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Representative Hosmer. It is not only something for you to do, but 
something that you have to do? 

Dr. Wittiams. We have to do it; that is right. Thank you, Mr. 
Chairman. 

Representative Hosmer. Dr. Williams, let me ask you this: As I 
understand it, in addition to whatever secondary and undergraduate 
discipline and training is needed, your point is that we need creative 
thinkers, and that equipment, and adequate equipment, helps produce 
those; is that right? 

Dr. Witttams. Yes, and if I may belabor the point a little bit 
more 

Representative Hosmer. What I am trying to find out is this: Does 
equipment merely release opportunities for somebody that is already 
a creative thinker, or can you actually induce creative thinking into 
the average run-of-the-mill people ? 

Dr. WittiaMs. No; you cannot, but if you start this cornucopia 
backward with a big funnel of people coming into it at the bottom, on 
a statistical basis, we have a great number of creative thinkers coming 
out at the other end, provided we have the facilities and the scientific 
staff in the universities, and I concentrate on that word “universities, 
to finish the job. 

Representative Hosmer. In other words, you aim to attract these 
creative thinkers that exist, rather than somehow, transmute some- 
body into a creative thinker ? 

Dr. Witi1aMs. You cannot transmute someone into a creative 
thinker. Let us recognize that not all people have the same intelli- 
gence. In this process we get the best coming out of the end. But they 
come out through the university structure into the graduate-school 
level. ‘This is what the AEC and other agencies have supported so 
well, so that this end product now can continue to grow in numbers, 
because the Congress and other agencies or other organizations are 
putting more in ‘the bottom of this funnel, and we have to get it out. 

Representative Hosmrr. In addition to the equipment itself, there 
is a factor of personality, I assume, because we find that gr eat men 
ina particular field attract students to wherever they are? 

Dr. Witui1aMs. Yes, and I would urge that the conditions in the 
university be such that those men can stay in the universities, and have 
the tools with which they can work to keep them happy, rather than 
put those men in noncreative positions. 

Representative Hosmer. You have your accelerator at the Univer- 
sity of Minnesota, and are you lacking other pieces or types of equip- 
ment ? 

Dr. Witu1ams. We also have some plans for the future, sir; yes. 

Representative Hosmer. How about this approach you described, 
this statistical one? I suppose you have computers ? 

Dr. Wiittams. The University of Minnesota is getting a com- 
puter, a Univac computer, this year, and it has been a difficult job to 
finance that, but we are getting it. 

Mr. Ramey. In terms of your equipment, there are two kinds of 
thinkers, are there not? There is the kind that is the tinkerer, like 
Ernest Lawrence, who has to make up something, and then your kind, 
who sort of use their pencils and can sit up in a room by themselves 
and figure out something, and do not need much except a lot of paper 
and pencils. I take it that you really need both. 
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Dr. WititaMs. Yes, and they ought to work in very close associa- 
tion, Mr. Ramey, because they cross-fertilize each other very strongly. 

Representative Hosmer. I have a few more questions. You have 
talked about the necessity for investigation of nuclear structures with 
medium-energy particles. You emphasize low and medium, I mean. 
Now, for the record, would you explain to us what the purpose is for 
the high-energy particle research ? 

Dr. Witu1aMs. I believe this committee will hear further testimony 
on that later, but, just to answer your question directly, we are finding 
that, if we strike nuclei with exceedingly high particles, not only do 
they knock apart the nuclei, but bits of them, which are not protons 
and neutrons but hyperons, and antinucleons, and a great variety of 
what are called strange particles are created and come out. It is the 
general opinion, if we are going to understand the nature of the 
nucleus, that we have to understand these strange fragments which 
come, too. 

Representative Hosmer. But you feel when the experiment is not 
cluttered up with these new fragments, you have a better possibility 
of getting at the basis? 

Dr. Witt1aMs. It is one of the possible attacks, and I would not say 
it is better. 

Representative Hosmer. Thank you very much. 

Dr. Wiettams. Thank you. 

(Dr. Williams’ prepared statement is as follows :) 


Basic CONCEPTS OF LOW ENERGY AND MEDIUM ENERGY NUCLEAR PHYSICS 
John H. Williams 


The understanding of the nucleus of an atom poses many problems which are 
quite different from those attacked and genérally solved by physicists in 
understanding the behavior of atoms or material bodies composed of aggregates 
of atoms. 

Some of the well-established properties of the nucleus, which were deter- 
mined many years ago, such as the positive charge on the nucleus which binds 
electrons in an atom and so determines its chemical nature, the disintegration 
of naturally radioactive substances, and the early observations on artificial dis- 
integration of the nucleus, all showed that the nucleus itself was a complex 
body made up of less divisible parts. We now believe that all nuclei are built 
up by combining protons and neutrons as their basic building blocks. These 
basic parts are called nucleons. On this scheme, hydrogen has only one proton 
in its nucleus, whereas for heavier elements like uranium 235 we have 92 protons 
and 142 neutrons. 

The main problem of nuclear physics is to understand the nature of the forces 
which bind together these building blocks (nucleons) into a system of particles 
called the nucleus. In considering what forces might be active, we are forced 
to reject the two basic forces of nature known to us up to the time when nuclei 
were first studied. These forces were (a) gravitational forces—so important in 
mechanics and everyday life—and (b) electrical forces which are basic to elec- 
trical engineering, chemistry, and the behavior of bulk matter. We reject them 
because they are too weak to account for the enormous forces required to bind 
nucleons together to form a nucleus. 

The lack of knowledge of “nuclear forces” constitutes the central problem of 
nuclear physics today. It cannot be deduced by pure “reason” alone. It must be 
found by trying to “explain” observations of nuclear processes. 

In this sense, we are unable to make detailed predictions on the behavior of 
nuclei which disintegrate, interact, suffer fission or fusion, as examples of known 
nuclear phenomena. 

From early measurements on the masses of complex nuclei compared with the 
mass of their constituent nucleons, we know that the individual nucleons are 
bound within a stable nucleus with amounts of energy~8 million electron 
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volts, 8 Mev. If we are to take nuclei apart to see how they are made, we must 
use projectiles with about this much energy. The projectiles also have to be 
other nuclei in order that they be at least no bigger than the object being inves- 
tigated, since it is clear one can learn little about a small object such as a watch 
by investigating it with a big tool such as an elephant’s foot. Low-energy 
“atom smashers” such as Van de Graaff generators and cyclotrons provide the 
investigative tools (high-speed nucleons) we need to satisfy these two criteria. 

So this energy range—up 100 Mev.—where we can disrupt the nucleus into 
nucleons without creating new particles such as mesons, hyperons, and anti- 
nucleons, is called low-energy and medium-energy nuclear physics and is the 
region in which we are interested today. 

From one point of view, it would seem most probable that the answers to 
the fundamental question—what are the forces which act between the parts 
of a nucleus to hold it together?—would best be acquired by experimenting on 
the interaction of the two constituents of the nucleus—the proton and the 
neutron. What we say, hopefully, is that if we knew how a proton exerted a 
force on another proton or upon a neutron, we could then predict how a larger 
collection of such protons and neutrons—this collection being the nucleus of a 
uranium atom, for example—was constituted. We could hopefully predict 
its behavior under certain circumstances—why does the addition of another 
neutron cause it to suffer fission or to change it into plutonium, or why, when it 
is left alone, does it decay radioactively by emitting alpha particles or beta 
rays or by suffering spontaneous fission? 

We have been pursuing this approach of studying the interaction of just two 
nucleons in order to determine the fundamental nuclear force and from that 
knowledge predict the behavior of complex nuclei for several years in our 
laboratories. We produce high-speed protons and high-speed neutrons in our 
atom smashers. We arrange conditions so that they collide with each other, 
and we study how they fly apart after the collisions. (See figure.) 
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Experiment consists of measuring the number of scattered nucleons as a func- 
tion of the angle of scattering and how this changes with the velocity of the 
incoming particle. From this detailed but still meager information we attempt 
to calculate the forces which exist between them. 

The results of such studies have demonstrated many facts about this 
elementary interaction—we have found that these forces exist only when these 
building blocks of nuclei are very close together—distances small compared to 
a millionth of a millionth of an inch. We know that at these short distances the 
nuclear forces of attraction are about one hundred times as great as the elec- 
trical force of repulsion between two protons. We have acquired an understand- 
ing of how a proton and a neutron join together to form the deuteron—the 
nucleus of heavy hydrogen. We would hope to understand how one proton 
could join two neutrons to form the nucleus of tritium. The ultimate goal of 
such knowledge would be to understand how even heavier nuclei form stable 
or unstable structures. 

It is a fact that the above approach, while successful in a limited sense ex- 
perimentally, has not yet paid off in giving a complete understanding of how 
protons and neutrons interact within a nucleus. The information we have 
gathered up to this time is not sufficient—we need to perform more detailed 
experiments—but also we need to learn how to apply this knowledge so as 
to develop from it an understanding of the structure of nuclei. These are 
unfinished problems which should be pursued even more vigorously. 

The other approach to the understanding of nuclear physics might be called 
the statistical approach. Here one foregoes the detailed approach of explain- 
ing the behavior of nuclear matter in terms of proton and neutron interactions 
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and studies the behavior of gross nuclei made up of many of these building 
blocks. The analogy might be made to the study of society—sociology—in 
which we are forced to study society not by understanding the interaction of 
pairs of people but by attempting to study the behavior of large groups of peo- 
ple in the hope that we may learn to predict and, somehow, improve our under- 
standing of the behavior of mankind. ‘This “statistical” approach to the study 
of the nucleus is also being pursued with vigor in our laboratories, calculational 
centers, seminars, and offices. 

These studies of complex nuclei have a dual purpose. First, they are intended 
to find, and possibly utilize, new properties of the nucleus. Second, experience 
has shown that by a study of such properties one can discover correlations and 
generalities which lead to simplified descriptions and, hopefully, ultimate 
theories of the behavior of nuclei—with these theories being able to predict new 
phenomena as yet undiscovered. 

The kinds of experiments being performed on nuclei are too numerous to make 
a complete listing here. Rather, an attempt will be ma de to give a few examples 
and make a few remarks about the concepts of nuclear-structure theory—that is, 
how nucleons arrange themselves in a nucleus and how they interact with each 
other inside the nucleus. 

One of the types of experiments that have recently given excellent information 
is the scattering of high-speed electrons and protons from heavy nuclei. In 
gross analogy, we might compare these experiments to the investigation of the 
sizes and shapes of circus animals by a blind man throwing baseballs at animals, 
then finding where the reflected and scattered baseballs lie. From this informa- 
tion we could construct a theory of the size, shape, and even softness of elephants. 


Our experiments on nuclear scattering have demonstrated quite clearly that the 
“size” of a nucleus and its shape are as follows: 
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These observations establish the constant density of nuclear matter and show 
that at very short distances nucleons must repel each other. 

Another attack has been to measure the wavelength (color) of the gamma rays 
(very short wavelength light) given off by nuclei that have been excited by 
nuclear processes. Discrete wavelengths are observed which can be attributed 
to discrete energy states of the nucleus emitting the yray. There is the analogy 
with the work of the early atomic physicist who measured the discrete color 
spectra of atoms and molecules and, from the empirical study of these energy 
changes, helped guide Bohr and others to our present-day understanding of the 
structure of atoms. 

From studies such as these, we have developed models for the nucleus which 
guide our thinking and our planning of further investigations to test theories 
of the nucleus. Some of these models can be expressed in pictorial terms; 
others are more difficult to visualize. 

The single-particle model or shall model carries over from atomic physics. A 
single proton (or neutron) is thought to move about in the nucleus feeling only 
the averaged-out force of all the other protons and neutrons—such as an electron 
moves about in anatom. On the basis of this theory, we can explain why nuclear 
properties such as magnetic moments and nuclear spin, nonspherical shape, ex- 
treme stability, ete., vary in a periodic way as we progress from light to heavy 
nuclei. The most firmly bound nuclei have “magic numbers” of protons and 


neutrons. These magic numbers are 2, 8, 28, 50, 82, and 126. The analogy 
with the periodic behavior of atoms with the noble gases He, Ne, Ar, Kr, Xe, Ra 
is straightforward. 

Another model of the nucleus is the collective model, or liquid-drop model. 
In this case, the nucleus is thought to behave like a drop of mercury, for example. 
One of the earliest concepts of the nucleus envisaged the absorption of an in- 
cident nucleon into such a “liquid-drop’”’ nucleus by a mechanism similar to a 
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smaller drop being condensed on the surface of a larger drop. It was thought 
that this incident nucleon would share its total energy with all the other nucleons 
and so raise the “temperature” of the nucleus to several million degrees. In the 
course of a very short time, this “compound nucleus” might concentrate, statis- 
tically, an unusually large amount of energy on one of its constituents, which 
would allow the “evaporation” of that part. This liquid-drop model has been 
refined to include more detailed features. For example, one can visualize that 
surface oscillations of the drop determine energy states of the nucleus as well 
as providing the mechanism for nonspherical shapes. 

Another view is to consider the nucleus as a cloudy crystal ball. Incident 
particles, whose wavelength is determined by their mass and speed, interact 
with this ball by being refracted, reflected, and absorbed. Many of the prop- 
erties of the interactions of protons, neutrons, and electrons with nuclei are 
“explained” by such a model. 

It is the purpose of the experimental nuclear physicist to perform experiments 
which will test the predictions of such theories and which also may provide 
observations of unpredicted phenomena which then require the further extension 
or possible discarding of existing nuclear theory. As an example of such an 
experiment, let me cite one of the several which we are performing with the 
University of Minnesota 68-Mev. proton linear accelerator. 

There is presently a great deal of interest in whether nuclei are built in such 
a way as to have a preponderance of protons or of neutrons on their outer 
surface. In the energy region available to our machine, 68-Mev. protons col- 
liding with a nucleus make interactions in many cases by direct nucleon-nucleon 
collisions at the surface of the nucleus rather than penetrate the nucleus and 
share their energy with the nucleus as a whole. This presents an opportunity 
to investigate the surface of the nucleus. We do this by arranging to measure 
the scattered-incident proton and the recoil nucleon which come off simulta- 
neously. If the recoil nucleons are preponderantly protons rather than neutrons, 
we then could conclude that the surface is relatively more populated by protons 
than neutrons, and vice versa. 

To explain such an observation would require a more detailed theory of 
nuclear forces—and would provide information on which to build such a theory. 

Thus, we are led back to our opening thesis—the main problem of basic 
nuclear physics research today is to obtain knowledge about the third great 
law of force which exists in nature—nuclear forces. 

But to turn to another facet of why we people in the universities, engaged 
in basis research in nuclear physics, work in this fascinating frontier of science. 
In addition to the prime reason of contributing to the fund of basic knowledge 
we maintain our enthusiasm and maintain our productivity to a large extent 
because we believe that by working in this area we can produce the succeeding 
generations of highly trained physical scientists. The “low-energy” nuclear 
physics field is admirably suited to that goal. 

The equipment we use is of such a size and complexity to challenge our 
graduate students without overwhelming them. The result is that they are 
broadly trained through a wealth of imaginative and yet practical experience. 
The riddles of nature that we try to solve are meaningful and exciting in 1958 
and have a bearing on 1968 and 1978, 

I would like to conclude by trying to present one more idea. To continue 
the growth of science requires succeeding generations of scientists; these will 
be trained in the United States in the traditional centers of higher education; 
to accomplish this task requires both research facilities and competent staff 
at the universities. 

Here it is not quite a question of the chicken and the egg—only if funds 
for good basic research facilities are made available to the universities will 
competent professors stay in the universities and only then will succeeding high 
quality scientific generations be produced. 


SHORT BIBLIOGRAPHY 


1. “The Scattering of 2.4 to 3.5 Mev Protons by Protons,” J. M. Blair, G. D. Freier, 
E. E. Lampi, Wm. Sleator and J. H. Williams, Physical Review 74, 553-61 
(1948). 

2. “The Total Scattering Cross Section of Neutrons by Hydrogen and Carbon,” 
E. E. Lampi, G. D. Freier and J. H. Williams, Physical Review 80, 853-6 
(1950). 

3. “The Interpretation of Low Energy Proton-Proton Scattering,” J. D. Jackson 
and J. M. Blatt, Reviews of Modern Physics 22, 77-118 (1950). 











PHYSICAL RESEARCH PROGRAM 339 


“Recent Developments in the Theory of Nuclear Structure,’ E. Feenberg, 
Annual Review of Nuclear Science 1, 43-66 (1952). 

“The Distribution of Charge in the Nucleus,” K. W. Ford and D. L. Hill, 
Annual Review of Nuclear Science 5, 25-72 (1955). 

“On the Structure of Atomic Nuclei,’ Aage Bohr, American Journal of Physics 
25, 547-53 (1957). 

“Elastic Scattering of 40 Mev Protons by He’*,” M. K. Brussel and J. H. Wil- 
liams, Physical Review 106, 286-9 (1957). 

“Proton-Nucleus Elastic Scattering at 9.8 Mev,” N. M. Hintz, Physical Review 
106, 1201-6 (1957). 


Representative Hosmer. The next speaker we are privileged to hear 
is Dr. Havens of Columbia University. He has been active in the field 
of neutron physics since the early days of World War II, and he is 
at present, the deputy secretary of the American Physical Society, an 
Chairman of the Commission’s Nuclear Cross Sections Advisory 
Group. Professor Havens, will you proceed. 


4. 
5. 
6. 
7. 
8. 


STATEMENT OF DR. W. W. HAVENS,’ JR., OF COLUMBIA UNIVERSITY 


Dr. Havens. I would like to present some of the problems that are 
encountered in the study of low energy neutron physics. By low 
energy neutrons I mean those neutrons which have energies below 
10,000 electron volts. Dr. Williams has stated that it requires about 
8 million electron volts to knock a particle out of the nucleus. The 
neutrons we use originally come from these nuclear reactions and must 
be slowed down to the lower energies by a moderator. The energy re- 
gion below 10 kilo electron volts is very interesting because most of 
the neutrons in a reactor have energies below 10 kev and we therefore 
have copious sources of neutrons of these energies. Also, the neutrons 
are slow enough so that their time of flight over a known path can be 
measured with considerable accuracy. It takes a 10-kev neutron about 
1 millionth of a second to travel 1 meter. 

Before we look at neutron interactions, however, let us look at the 
neutron itself. The neutron is still somewhat of a mystery even 
though it was discovered in 1932 and has been studied extensively for 
26 years. The neutron is known to be one of the main constituents 
of nuclear matter. Its mass is quite accurately known. We also 
know that the neutron has no charge and that it spins about an 
axis. The simplest geometrical configuration that can be used to 


1 Born in New York City on March 31, 1920. He graduated from the College of the 
City of New York in June 1939, with a bachelor of science degree. After graduating 
from City College, he undertook graduate work in physics at Columbia University and was 
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physics by undertaking a doctor of philosophy dissertation topic which involved the 
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Columbia University. During the war he was employed by Columbia University on the 
Manhattan Project, working with the neutron velocity spectrometer at the Columbia 
University cyclotron. He was also a member of the analysis group of the uranium dif- 
fusion separation project which was proceeding at Columbia at that time and was on the 
safety committee for the Oak Ridge diffusion plant. During this time he also played a 
part in setting up the Navy V—12 program in physics at Columbia University. He was 
appetenee an instructor at Columbia University in 1945, and at present is a professor of 
physies. 

He has been a member of the Nuclear Cross Section Advisory Group of the Atomic 
Energy Commission since its formation in 1948, and is at the present Chairman of this 
group. He is a member of the Tripartite Nuclear Cross Section Committee of the Atomic 
Energy Commission, and is deputy secretary of the American Physical Society. In 1954 
he was a member of the Wedemeyer Committee on Intercontinental Defense, appointed by 
the Joint Committee on Atomic Energy. In 1955 he was a delegate to the International 
Conference on the Peaceful Uses of Atomic Energy at Geneva. His principal interest 
has been neutron physics, although he has published some results on the production of 
mesons by high energy charged particles. 

At the present time Dr. Havens lives in Dobbs Ferry, a suburb of New York City, with 
his wife and two daughters. 
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represent the neutron is a solid sphere like a billiard ball which is 
spinning. One property of the neutron that is somewhat puzzling 
is the fact that the neutron has magnetic properties and therefore 
has a definite magnetic moment. In macroscopic and atomic physics, 
when a substance or particle has a magnetic moment, this magnetic 
moment is due to the motion of an electric charge. Since the neutron 
is uncharged, the question arises, why does it have a magnetic moment ? 
We look at other systems to see if there is a similar situation which 
has occurred in the past which might lead to an explanation, and 
we find some similarity in the hydrogen atom. We know that the 
hydrogen atom is made up of a proton and an electron, whose charges 
cancel each other. If we assume that the neutron is made up of 
positive and negative charges which are moving in a manner similar 
to that in which the electron and proton move in the hydrogen atom, 
then we would expect that if an electron were close enough to a neutron 
there would be some reaction. 

In 1947 an experiment was performed at Columbia to measure this 
interaction in the expectation that it would be a fairly large and 
easily measurable quantity. The experiment was extremely simple 
in principle. We passed a neutron beam through a liquid lead sample 
and observed the change in the transmission of the lead as the energy 
of the neutron was changed. We used lead because it has a large 
number of electrons. The experiment showed that the electrostatic 
forces between the neurton and electron were extremely small, a 
result which was very surprising at the time but which is now gen- 
erally accepted as fact. 

Most of the observed effect was due to the relativistic interaction 
between the neutron magnetic moment and the electrostatic field, an 
effect which can be calculated fairly accurately. However, the electro- 
static interaction was zero to within the accuracy of the experiments 

Since 1947 many measurements have been made in other laboratories 
in an effort to determine the absolute magnitude of this interaction. 
It is important that a precise measurement of this quantity be made 
so that we may find out whether or not the electrostatic interaction 
is identically zero or only very small. The magnitude of this inter- 
action is one of the constants which must enter into any fundamental 
theory of elementary particles. There is at present no satisfactory 
picture of why the electrostatic neutron-electron interaction is so 
small. 

A new series of measurements to determine more precisely the neu- 
tron-electron interaction have just been completed by a Columbia 
University group at the Brookhaven National Laboratory reactor. In 
this experiment the neutron beam from the reactor, which contains 
neutrons of all energies, is allowed to strike a NaCl crystal as shown 
in chart 1. The crystal has the property of separating the neutron 
beam into the various component energies. The mono-energetic beam 
of neutrons is passed through a sample of liquid bismuth and the var- 
iation of the properties of the liquid bismuth with the energy of the 
incident neutron is a measure of the magnitude of the neutron-electron 
interaction. Expressed in conventional terms, the total effect observed 
is 4,200+300 electron volts. The relativistic interaction between the 
neutron magnetic moment and the electrostatic field is 4,100 ev. Since 
this interaction must be subtracted from the total effect to obtain the 
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intrinsic neutron-electron interaction, the intrinsic neutron-electron 
interaction is 100+300 electron volts. Obviously, this answer is not 
yet sufficiently precise to determine whether or not the intrinsic inter- 
action is zero or is extremely small. We have not as yet completed 
our experiments, because the differences in the answers obtained at 
different times are larger than we expected, and we must track down 
the reason for these differences. When we find out why these differ- 
ences occur, we should be able to double the accuracy of our results. 
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Although single experiments of fundamental importance, such as 
the one just described on the neutron-electron interaction, are the most 
dramatic and the easiest to explain, they are only a small fraction of 
the low-energy neutron physics research which is now going on in the 
world. Most of the research in progress involves the sy ystematic study 
of neutron interactions with nuclei to determine the position and 
characteristics of nuclear-energy levels. The purpose of this syste- 
matic research is to accumulate a large enough number of nuclear 
parameters in the hope that general conc lusions can be drawn from 
the nuclear systematics. Both important single experiments and sys- 
tematic investigations are necessary to the development of physics. 
Public interest will focus more readily on the individually dramatic 
experiment but, without the large-scale systematics, such individual 
experiments would never be conceived. 

he principal apparatus used in the study of the interactions of 
low-energy neutrons with nuclei is the neutron time-of-flight spec- 
trometer. A diagram of the Columbia University synchrocylotron neu- 
tron velocity spectrometer, which has the highest resolution in the 
world, is shown in chart 2. In a time-of- flight spectrometer, a burst 
of neutrons is produced for a short time interval. A slow-neutron 
detector is placed a measured distance from the source of the slow 
neutrons. The time between the production of the neutron burst and 
the detection of the slow neutron is measured electronically. In the 
Columbia time-of-flight spectrometer the distance between the source 
and detector is approximately 115 feet and the time of flight of the 
neutrons is measured in units of one ten-millionth of a second. Since 
we know the time required to travel the measured path, we can calcu- 
late the energy of the neutron. Both pulsed accelerators and reactors 
are used as sources of neutrons for time-of-flight spectrometers. When 
a nuclear reactor is used as a neutron source, the neutron flux is con- 
tinuous and a mechanical shutter called a chopper is used to obtain 
short bursts of neutrons. The neutron properties of a large number 
of materials have been investigated using these time-of- flight tech- 
niques. 

Representative Hosmer. Does the velocity you get depend on the 
materials used and the forces in the cyclotron ? 

Dr. Havens. The velocity distribution of the neutrons depends to 
a small extent on the target used in the cyclotron. The situation is 
something like a horse race. All the neutrons start off at the same 
time when the cyclotron is pulsed. They then travel along the meas- 
ured path and the time they arrive at the detector is determined. 

Representative Hosmer. Do they come out at different speeds from 
the same material and under the same circumstances ? 

Dr. Havens. Neutrons of all speeds are emitted from 400 million 
electron volts down to a few thousandths of an electron volt. We 
select those neutrons whose energy is below 10,000 electron volts. 

Representative Hosmer. You select only those in which you are 
interested. 

Dr. Havens. Yes, that is correct. 

Representative Hosmer. I see. 

Dr. Havens. A great deal of effort and much money over the past 
several years has gone into improving the ability of neutron velocity 
spectrometers to separate neutrons of slightly different energies. This 
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ability is called resolution. Why, one might ask, is it important to 
improve the resolution when so much information is already avail- 
able? The desirability of having improved resolution in the field of 
neutron spectroscopy can be supported either on very general grounds 
or very specific grounds. In any field of physics more information 
is obtained when higher resolution is available. It was not until 
spectroscopes that could resolve optical lines a few Angstrom units 
apart were available that the fine structure separation of spectral 
lines was observed. The observation of this fine structure led to the 
postulation of the electron spin and thereby increased our knowledge 
of the properties of the atom. 

As resolution in neutron spectroscopy has improved, many sur- 
rises have occurred. However, before we go into these surprises, 
et us digress a moment to see exactly how neutron measurements are 

made. 

Most of the results that have been obtained with neutron spec- 
trometers are measurements of total cross sections. The total cross 
section is the effective area of the nucleus for any process which may 
occur and can be considered the projection of the actual nucleus on 
a plane perpendicular to the neutron beam. This picture, of course, 
cannot be taken too literally, because the cross section can change 
very rapidly as the velocity of the neutron changes. The total cross 
section, defined as the protected area of the nucleus, is a measure of 
the probability that a neutron will hit the nucleus regardless of what 
will happen after the collision. 

Total cross sections can be measured by a simple transmission ex- 
periment. When an essentially unidirectional beam of neutrons 
strikes a sample of material, some of the neutrons pass through un- 
affected and the others are either absorbed or scattered from the beam 
as a result of the neutron interaction. This attenuation of the neu- 
tron beam can be determined in a suitable experimental arrangement 
shown diagramatically in chart 3. The fractional decrease in in- 
tensity of the neutron beam in passing through a thin layer of ma- 
terial is equal to the ratio of the effective area of the nuclei in the 
layer to the total area of the layer. The effective area presented by 
the nuclei is given by the total neutron cross section of each nucleus, 
o;, times the number of nuclei in the layer. We can write the for- 
mula from which the total cross sections can be determined as 
I=TI,e"*t*' where 7° is the initial intensity of the neutron beam, 
and / is the intensity after it has passed through the sample of thick- 
ness /. 
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A plot of the neutron cross section of U-238 versus the energy is 
shown in chart 4. This cross-section curve shows large peaks which 
are called resonances. These resonances occur at speific energies that 
are determined by the nulear structure of the nucleus. We examine 
these nuclear resonances in great detail to determine their properties. 
The better these resonances can be resolved, the more information 
we can obtain about nuclear structure. Notice how these peaks com- 
press together and appear to get smaller as the energy increases. This 
effect is partially due to the experimental apparatus used because 
the resolution decreases rapidly as the energy increases. A large 
number of neutron resonances near zero energy have been studied 
because it is here that we have good resolution. However, other 
energy regions must be studied to make certain that the interpreta- 
tion of the results obtained is not biased. 

Great advances have been made in the past few years in our un- 
derstanding of the interaction of low-energy neutrons with nuclei, 
and we now have a model which qualitatively explains all the proc- 
esses by which the neutrons interact with nuclei. Tirwever: a qualita- 
tive understanding of how neutrons interact with nuclei is not suf- 
ficient for either pure science or its practical application. The 
question which must be answered is the quantitative one, what is the 
particular cross section at a particular energy and how accurately 
must it be known? 

At the present time, exactly how the theory checks quantitatively 
with experiments in low-energy neutron physics can best be illus- 
trated by looking in detail at two particular nuclei, the isotopes 
U-238 and U-235. These two nuclei obviously are chosen because of 
their practical importance to the nuclear energy program, and also 
because they are so different in their characteristics that they show 
clearly how well and how poorly the theory applies to low-energy 
physics. 

Let us look first at the neutron interaction with U-238, because this 
is by far the simpler of the two cases and the one we feel we under- 
stand fairly well. There are only two reactions which are ener- 
getically possible between low-energy neutrons and U-238: (1) the 
neutron can be captured to form U-239 and the excess energy dis- 
sipated by the emission of gamma-rays, and (2) the neutron can be 
scattered in much the same way as a small ball is scattered when it 
hits a large ball. The probability that the neutron will be captured 
is called Ty and the probability of its being scattered is called Ty. 
We analyze the neutron resonances to determine the quantities Ty 
and T,. An enlarged picture of a neutron resonance is shown in chart 
5. The quantity Tf, can be determined by measuring the maximum 
height of the resonance level, and ly can be determined from measur- 
ing the full width of the level at one-half the maximum height. 
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Now let us return to chart 4, which shows the neutron cross sec- 
tion of U-238. This curve shows that U-238 has fairly widely spaced 
neutron resonances. The average energy between resonances is 16 
electron volts for the first 1,000 electron volts above the binding 
energy of the neutron. Approximately 50 resonances have been ana- 
lyzed for Ty andT,. Let us look first at the fy. We have good reason 
to believe from our model of the process and also from the quantum 
mechanics of the system that the quantity ry should be constant from 
resonance to resonance. The results of the analysis of the resonance 
levels of U-238 are shown in chart 6. These show that Ty is constant 
to within the accuracy of the measurements. Although Ty has not 
been determined for all the resonances that have been observed, be- 
cause the resolution is not sufficiently good to determine this quantity, 

23103—58——23 
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we feel fairly confident in assuming that it is constant for all the 
resonances at low energy. 

Now let us look at Ty. Before a large amount of experimenial 
data was available, it was expected that T, would increase as the square 
root of the energy of the resonance. In other words, since the Ty, 
of the resonance at 6.8 ev is 1.52 milli-electron volts, one would 
expect the resonance at 21 ev to have I, of 2.7 milli-electron volts, 
and the resonance at 36.90 ev to have a I, of 3.3 milli-electron volts. 
Obviously the experimental results do not fit this theoretical predic- 
tion. The quantity T, varies substantially from resonance to reso- 
nance and in no apparent systematic way. This wide variation came 
as a complete — to all the scientists working in low-energy 
neutron physics. However, this wide variation in I, now follows 
logically from our nuclear model. A theory has been developed which 
assumes that the neutron interaction with the nucleus is a statistical 
process. The theoretical curve for the size distribution of neutron 
widths, together with an experimental histogram, is shown in chart 7. 
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From this curve the average Tl, where I, is T,Hy is determined. 
It is this quantity Il, which is important in further interpretations of 
the nuclear structure. You can observe that there is a fairly good fit 
between the experimental results and the theoretical curve. The 
quantity 1, divided by the average level spacing, which is determined 
by counting the levels that occur in a certain energy interval, is called 
the strength function of the particular nucleus. The strength func- 
tions of many neuclei have been calculated using a model of the 
nucleus which assumes that the shape of the nucleus is like that of a 
football and that the surface of the nucleus is soft like the pile on a 
rug. The agreement between the strength function calculated from 
this fuzzy football-shaped nuclear model and that determined from 
experiment is fairly good for the case of U*** but is not very good for 
the case of many other nuclei. 

Representative Hosmer. Did I understand that the square-root 


theory had been abandoned because the experiment did not confirm 
the theory ? 


Dr. Havens. Exactly. 

In the case of U***, the situation is quite different. There are many 
complicating factors which arise. U** is a nucleus which is fission- 
able with low-energy neutrons. Therefore, in addition to the two 
processes which can occur in U***, we also have the probability for 
the fission of U** which is called Ty. Another factor which enters 
into the analysis of the U** resonances and which does not enter 
into U*** analysis, is the effect of the nuclear spin on the neutron 
cross section. In U** the spin of the nucleus is zero. Consequently, 
when a neutron is added, the resulting spin of the system is due to 
the spin of the neutron. In the case of U*, the nuclear spin is 7/2. 
The neutron with a spin of 1/2 can either add parallel to the original 
nuclear spin or antiparallel to the original spin. Thus we have two 
possibilities when the neutron enters the nucleus. The spin of the 
resulting nucleus can be either 4 units or 3 units. There is a possi- 
bility that the levels resulting from spin 4 might be different from the 
levels resulting from spin 3. Until some evidence exists for the 
similarity or difference in the two possibilities, it must be recognized 
as an uncertainty in the situation. 

There is one mitigating factor introduced in the difficult problem 
of analyzing the U** cross section: we have an additional measure- 
ment that can be made; that is, the fission cross section. A certain 
amount of inaccuracy is introduced into the analysis of the result be- 
cause the absolute value of the fission cross section of U?** is not very 


well known. However, this does not alter the qualitative picture of 
the nucleus. 
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Chart 8 shows the cross section of U*** on the same energy scale as 
that shown for U***. Obviously the energy levels in U*** are con- 
siderably closer than the energy levels in Te and very much more 
complex in nature. In order to proceed with our analysis of U*** in 
the same way we did with U***, we must subtract the fission cross 
section of U*** from the total cross section and work with the residual 
cross section. This residual cross section is approximately the same 
as was measured directly for U?**, only of course the accuracy is con- 
siderably reduced. The separate reasonances in this residual cross 
section are about the same shape as those in U***, and we may proceed 
to determine fy and ly. The results of this analysis are shown in 
chart 9. Unfortunately, ly has been determined for only eight levels 
in U**, with decreasing accuracy as the energy of these levels in- 
creases. Again to within the experimental accuracy of the results, 
the gamma-ray widths appear to be constant, although the accuracy 
of these results is not very high. 
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We proceed to determine the I, distribution and the strength func- 
tion for the U*** resonances. The I, distribution of levels fits the dis- 
tribution expected from the statistical model fairly well, as shown 
in chart 10. However, in U*** the strength function for the first 10 
levels seems to be about one-tenth the strength function for that ob- 
served when all levels are taken into consideration, and also about 
one-tenth that for neighboring nuclei. We are dealing with a sta- 
tistical problem, and we know that statistical fluctuations occur. 
However, the probability of obtaining a strength function one-tenth 
the average strength function for the first 10 levels is less than 1 per- 
cent. Although this might be a fluctuation in the strength function, 
it is relatively improbable, and we cannot with confidence apply the 
results obtained to predict the behavior of U?** in other energy regions. 

Having determined the Ty and I, distribution, we can proceed 
to determine r;. Unfortunately, it is only possible to determine T; 
for about 14 of the 40 resonances which have been observed in U**, 
and the accuracy of this Tr; is poor. We find here again that there is 
a large variation in Ty and the process seems to be more like that of 
neutron scattering than neutron capture. This again was a surprise 
to the neutron physicists, since from the number of possible frag- 
ments that can occur in the fission of U?*5, one would expect that the 
Tr, would be fairly constant from level to level. 

In our statistical model of the nucleus, the expected variation that 
will occur in a particular process is related to the number of ways in 
which this process can occur. If the process can occur in very many 
ways, such as gamma emission, the probability of this gamma-ray 
emission should be fairly constant from level to level. If this process 
can occur in only one way, then one would expect the variation that 
is observed for T,. A statistical examination of the results of the 
fission widths indicates that the number of possible ways in which 
the fission process can occur is 2+1. From the uncertainty in this 
result, you can see that the situation is not very satisfactory for the 
prediction of results of experiments dealing with fission. 

Another complication which arises in analyzing the U®* results 
is the fact that it is impossible to fit the experimental] results assuming 
that the energy levels are independent. In U** one could assume 
that each energy level was completely independent of the other energy 
levels. However, in U*** it is necessary to assume that one resonance 
level interferes with the next. 

We can look at the other low energy fissionable nuclei, U** and 
Pu**, and see if we can obtain any information to help clarify this 
situation. When the fission cross section is analyzed, for these nuclei, 
the results can be fit to the theoretical curve by assuming the levels 
interfere completely. This means that the fission process can proceed 
in only one way. Our information on U** is not sufficient to say 
accurately in how many ways the fission process can occur. Un- 
fortunately, it is not possible from the data which exist today to 
calculate the fission properties of U** with sufficient accuracy to 
predict the results in energy ranges other than where experimental 
results exist, and the energy region where good results exist is only 
a very small fraction of the energy region in which we are iereened. 

You can see from these two examples of our knowledge of how the 
neutron interacts with nuclei that in some cases we could be fairly 
confident of predicting the cross section of a particular isotope at 
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a particular energy from knowledge of measurements which have 
been made at another energy, as is true for the case of U**. How- 
ever, in the case of U*** and the other fissionable nuclei, one cannot 
predict with confidence the cross section or other neutron properties 
In one energy region from the behavior of this nucleus in another 
energy region. It is unfortunate that our knowledge of the fissionable 
isotopes which are of the greatest practical importance is relatively 
poor. However, the situation is considerably more complicated and 
many more and better experiments must be performed, and the quan- 
titative aspects of the theory improved before the situation will be 
satisfactory. 

More accurate information on many more energy levels must be 
obtained before it will be possible to determine a proper statistical 
description of the neutron interaction with nuclei. In order to obtain 
this information, equipment of higher resolution is necessary. 
Higher resolution can be obtained only by having more intense pulsed 
neutron sources and more elaborate electronic equipment to ‘ale the 
data and thus make more efficient use of the expensive neutron sources. 

In summary, we can say that we have a good qualitative understand- 
ing of how the neutron interacts with the nuclei, but the quantitative 
situation is by no means satisfactory. 

Thank you. 

Representative Jenxr1ns. I have no question. 

Representative Hosmer. Is there any collaboration with other coun- 
tries in this field ? 

Dr. Havens. Yes; there is a collaboration with the English and 
Canadians in this field. We have a tripartite group in the AEC 
which meets and exchanges samples and data. Because this research 
is so expensive, it is more economical to have the three countries pool 
their resources than it is to try to do everything unilaterally. 

Representative Hosmer. Is that because you have to take such a 
mass of data and analyze it ? 

Dr. Havens. Not only that; different countries have different unique 
facilities. For instance, one of the things you would like to investi- 
gate, for the improvement of reactors, 1s the elements of higher Z. 
Canada in their NRX pile has been irradiating plutonium fuel rods 
for a long time. The isotope-separation facilities at Oak Ridge are 
in continuous use, and recently it was better to cooperate on the separa- 
tion of plutonium isotopes through this tripartite arrangement. The 
rod was irradiated in Canada, chemically separated at Oak Ridge, and 
electromagnetically separated in England. We exchange these 
samples and exchange data. The only thing we have to be careful 
about is that we have enough checks on the data to make sure they are 
correct. 

Representative Hosmer. You use computers and things like that in 
analyzing your data? 

Dr. Havens. Yes; we do, and using these to the best advantage is one 
of our problems. 

Representative Hosmer. Is the kind of technique you use only usable 
with cyclotrons? 

Dr. Havens. No; we use the synchrocyclotron. However, it can 
be used with almost all of the electronuclear machines. A large 
amount of data that exists was taken with reactors. With the reactor, 
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you have what is called a chopper. The chopper is a cylinder about 
18 inches in diameter which rotates at about 30,060 revolutions per 
minute. There is a hole through the center. Every time the hole 
lines up with the beam you have a burst of neutrons. You have a 
detector, a measured distance away from the chopper. The same time 
analyzers are used. However, the electronic methods of pone 
bursts of neutrons can be made faster than the mechanical methods. 
Thus, you can get better resolution with the electronuclear machines. 
An electron linear accelerator is used at Harwell to do the same type 
of work. There is also an electron linear accelerator for this type of 
work at the Institute of Nuclear Physics just south of Moscow. Pulsed 
Van de Graaff machines which use billionths of a second rather than 
millionths of a second time gates are also used for this work. How- 
ever, the problems with the Van de Graaff machines are slightly 
different from the ones we have. 

Representative Hosmer. I take it that to obtain increased precision 
in these measurements will depend upon the development of better 
electronic machinery to do it; is that right ? 

Dr. Havens. There are two necessary developments. One develop- 
ment is more intense sources. This involves large machines, or large, 
high-intensity reactors. The other development is more elaborate 
electronic devices, so that more data can be taken simultaneously with 
one machine and the time of the machine is not wasted. Both are 
necessary. If you double the resolution, it takes you eight times as 
long to cover the same energy region. In doubling the resolution, 

you usually cut your gate time for the start of the neutrons by a 
actor of 2, and cut your detector time by a factor of 2, and twice 
as many points must be taken to cover the same region. 

Representative Hosmer. You mentioned that most of the work that 
you are doing in this field is being done by you at Brookhaven, or 
Columbia University ? 

Dr. Havens. The synchrocyclotron velocity selector is at Colum- 
bia, and the chopper and crystal spectrometer at Brookhaven. I do 
not work with the chopper. 

Representative Hosmer. Is this type of work more appropriate for 
universities than national laboratories? How do you feel about it? 

Dr. Havens. There are two phases of this work—one phase of it is 
developing new techniques and getting a small amount of data to 
find out if the technique works, and the other phase is the accumula- 
tion of large amounts of data. I think a large amount of the im- 
provement of technique and developing new techniques has been and 
can continue to be done in the universities. The largest accumulation 
of data has been done in the national laboratories. 

Yale University, for instance, has a small electron linear accelerator 
which is used for this time-of-flight work. The intensity of their 
electron linear accelerator is down by a factor of 10,000 from the in- 
tensity of our synchrocyclotron. However, they developed a brand- 
new technique for looking at these nuclear resonances and obtained 
data impossible to get any other way. 

I think that, in that particular case, since they invented a technique, 
it would be more profitable to have them exploit the technique than 
to start up a whole new group in a vations! hebeente: . However, 


where large reactors are required, the work must be done at a na- 
tional laboratory. 
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There is always going to be a certain amount of data which is some- 
what uninteresting from the point of view of nuclear physicists. It 
is 1,000 times as hard to measure some parameters as it is others. In 
a university, people are not going to systematically measure fission 
cross sections, because you ienou on graduate students to perform 
a large portion of the research. This requires that the research take 
about 2 years. Consequently, the problems which take a considerably 
longer time cannot easily be undertaken at a university. If a fission 
cross-section measurement is taken, it may take 2 or 3 years to develop 
the equipment and maybe a year to get enough data for a paper. 
You cannot put a graduate student on this particular subject. Some 
of the measurements will definitely have to be done in national labora- 
tories. 

Representative Hosmer. The work Mr. Williams described is more 
ne for graduate students? 

r. Havens. Very definitely; yes, sir. 

Mr. Brown. Do you have any contact with people using the cos- 
motron at Brookhaven ? 

Dr. Havens. I have direct contact with these people, although I 
don’t work with them. 

Mr. Brown. Where are they going while the cosmotron is down for 
repairs? Where are they going to do their experiments? 

r. Havens. We used to have all of the time we wanted until the 
cosmotron broke down. Now all of the boys who were working on 
oe cosmotron are back at Nevis, and scheduling meetings is rather 

ifficult. 

Mr. Brown. Would you say the availability of such higher energy 
devices is very critical ? 

Dr. Havens. Definitely. 

Representative Hosmer. Thank you very much, Dr. Havens. 

Our next witness is one of the leading physicists in the United States, 
Prof. William W. Buechner, of MIT. Professor Buechner is one of 
the leading physicists in the United States in the field of precision 
measurements in the low-energy region. Professor Buechner 





STATEMENT OF DR. W. W. BUECHNER,' OF THE MASSACHUSETTS 
INSTITUTE OF TECHNOLOGY 


Dr. Beucnner. Nuclear spectroscopy is concerned with the energies 
and the radiations involved in nuclear transformations and with the 
deductions from these of certain important nuclear properties. As 
normally encountered, nuclei consist of a combination of protons and 
neutrons in the most stable arrangement possible for the particular 
mixture. We know of several hundred such mixtures, each corre- 


1 Born at Vallejo, Calif., May 12, 1914. Received bachelor of science degree in 1935 
and doctor of philosophy degree in 1939 from Massachusetts Institute of Technology. 
Honorary degree of doctor of science in 1954 conferred by National University of Mexico. 

Served on the staff of Massachusetts Institute of Technology since 1939. Present posi- 
tions are: Professor of physics, MIT: professor extraordinary, National University of 
Mexico: director, High Voltage Engineering Corp. ; viniting professor, National University 
of Mexico, 1952 and 1955 (State Department grantee) and 1956; exchange professor in 


India 1957 (State Department and India wheat loan program; Universities of Calcutta, 
Jadavpur, Andhra, Madras, Mysore, Nagpur, Bombay, Delhi, Aligarh, Banaras). 

Awards include: Naval ordnance development award, 1946; Dudiey Medal, American 
Society for Testing Materials, 1949. 

Fellow, American Academy of Arts and Sciences, and American Physical Soctety. 
 emcent A American Association of Physics Teachers, Mexican Society of Physics, and 
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sponding to a particular type of nucleus. The problem of under- 
standing why certain arrangements are more stable than others and 
why only certain combinations are allowed is in a sense the central 
problem of nuclear physics, and nuclear spectroscopy is one of the 
principal sources of information bearing on it. 

Attempting to deduce, from observations of nuclei in their normal 
most stable configuration, the ways in which the protons and neutrons 
inside are grouped is somewhat analogous to trying to understand 
how automobiles work by observing several different makes and models 
sitting in a showroom. In the case of the automobiles, the determi- 
nation of the sizes, weights, and colors does not give sufficient infor- 
mation to enable a prediction about performance, and dynamic 
measurements carried out when the automobile is not at rest are nec- 
essary if one is to understand its structure. A closer analogy can be 
drawn from the history of our ideas about the structure of atoms. 
The principal clues which led to our understanding of atomic struc- 
ture came not from the cataloging of the various types of atoms that 
were found in nature, but rather from studies on the dynamical prop- 
erties of particular atoms. It was found, for example, that ordinary 
hydrogen, which consists of an electron and a proton, could exist not 
only in the state normally found but in various excited states which 
differed from the normal one in that the electron moved in a different 
orbit of different energy and with different spatial characteristics. 
The essential difference between a hydrogen atom in its normal] state 
and the hydrogen atom in one of its excited states is one of energy. 
The observed fact that only certain excited states existed, rather than 
the continuum of states as predicted by previous theory, and the ac- 
curate measurement of the energies of these states provided the prin- 
cipal clues which led to the quantum mechanics of atomic structure. 
The accurate measurement of the energies and of the other properties 
of the excited states of atoms through the techniques of atomic spec- 
troscopy has progressed to the point where we now have a very com- 
plete understanding of atomic systems. In the case of nuclear phys- 
ics, nuclear spectroscopy is expected to play a similar role in the 
development of our ideas regarding nuclear structure. 

The principal business of the nuclear spectroscopist is the measure- 
ment of the properties of the various allowed configurations of the 
»rotons and neutrons which make up particular nuclei. To a worker 
in this field, a nucleus such as cobalt 59 is not simply a collection of 
27 protons and 32 neutrons which are always combined in the same 
manner so that all cobalt nuclei are identical. This, and any other 
nucleus, can exist in any of a number of states which differ in their 
energies, lifetimes, angular momenta, and parities. The present dis- 
cussion will be limited to some measurements on the energies of the 
lower lying states but the same methods are also used for the determi- 
nation of these other important quantities. 
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FIGuRE 1. Excited states of Co-59. 
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To take a specific example, consider Co-59. The drawing (fig. 1) 
shows our present information on the energies of the excited states of 
this nucleus. The lowest lying, or ground, state is the one in which 
we normally encounter the cobalt nucleus; but, from the point of 
view of nuclear spectroscopy, this differs from the other states only in 
that it is the lowest in energy and, in this case, has an infinite lifetime, 
since Co-59 is a stable nucleus. When it is in one of the other states, 
the nucleus has an internal energy which is higher than that of the 
ground state by an amount indicated in the diagram. The immediate 
conclusion to be drawn from such an energy-level diagram is that, 
just as in the case of the electrons in atoms, only certain motions of 
the protons and neutrons inside the nucleus are allowed by whatever 
rules govern nuclear structure. Each type of nucleus has its char- 
acteristic set of allowed states, and the observed similarities and dif- 
ferences between the level schemes of nuclei provide some of the prin- 
cipal clues to our understanding of how nuclei are constructed and 
of how they are held together. A knowledge of the energies of these 
excited states is also of great importance for nuclear technology 
where one may be interested in the energies released in certain reac- 
tions or where, as in the problem of shielding from nuclear reactors, 
one must know the factors involved in the interactions between nuclei 
and high-energy particles and radiation. 

The nuclei found in nature are in their ground states, and energy 
must be supplied to raise them to the excited states to be studied. 
The most generally useful method for accomplishing this is to pro- 
duce the nucleus to be investigated as a product of a nuclear reaction. 
If sufficient energy is available in the reaction, the nucleus may be 
formed in any one of its allowed states. Again taking Co-59 as an 
example, we might produce it by bombarding Ni-—62 with protons. 
Helium nuclei are emitted in this interaction, and from conserva- 
tion considerations, we know that a Co-59 nucleus is produced for 
2ach helium nucleus observed. Or, since Co-59 is a stable nucleus 
that can easily be prepared in a form suitable for bombardment with 
energetic particles, we can irradiate a Co-59 target with protons and 
observe the energies of the protons themselves after the interaction. 
In either case, for a given bombarding energy, the total energy avail- 
able in the interaction is fixed. If the Co—59 nucleus formed is in its 
ground, or lowest energy state, the maximum possible energy is avail- 
able as kinetic energy of the particles. If, however, the Co-59 is 
formed in one of its excited states, it will have absorbed some of the 
available energy, and this amount will not show up as kinetic energy 
of the fragments. Thus, if one knows the energy brought in by the 
bombarding particle and measures the energies of the reaction prod- 
ucts, one can deduce whether the final nucleus is formed in its ground 
state or in one of its allowed excited states and, if the latter is the 
case, one can determine the energy of the state which is formed. 
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For experiments of this sort, one requires then a source of particles 
which have energies sufficiently high to produce the nuclear reaction 
to be studied and a method of measuring the energies of the reaction 
products. The more precisely one can determine the energies in- 
volved, the more precise is the knowledge that can be obtained re- 
garding the excited states. Since the level schemes of many nuclei 
are complex with many levels lying quite close together, it is of the 
utmost importance that the ‘tah ing particles all have the same or 
nearly the same energy and that the instrument used for measuring 
the reaction products has sufficient resolving power to measure any 
small energy differences which may exist among these products. 

Considerable effort has gone into the development of accelerators 
and analyzers suitable for precise work in nuclear spectroscopy. The 
most suitable accelerator is the Van de Graaff, or electrostatic type. 
During the past 25 years, we have built at MIT a number of Van de 
Graaff generators for this sort of work, the latest one being capable 
of giving nearly 9 million volts. We call this the ONR generator, 
since funds for its construction were supplied by the Office of Naval 
Research, and I should mention that, in recent years, the work I am 
describing has been supported by the joint program of the Office of 
Naval Research and the Atomic Energy Commission. The arrange- 
ment of the accelerator is shown schematically in the drawing (fig. 2). 
In order to insulate the high voltages generated by this machine, it is 
housed in a steel pressure tank approximately 10 feet in diameter and 
30 feet long. The particles to be used are produced as ions in the high- 
voltage terminal and are then accelerated by the electric fields de- 
veloped by the machine through a vacuum tube which extends from 
the high-voltage terminal through the bottom of the tank into the 
room in which the experiments are carried out. Underneath the ac- 
celerator is a large electromagnet which serves to select out of the beam 
of accelerated ions those particles to be used in the particular experi- 
ment. This magnet also serves as a measuring device for determining 
the energies of the particles in the beam. This magnetic analyzer and 
the other equipment used for nuclear spectroscopy studies are shown 
in somewhat more detail in the next drawing (fig. 3). 
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In this drawing, the beam from the accelerator is shown as the 
vertical line. It passes through a narrow slit and enters the magnetic 
field of the beam-analyzing magnet. The region of the magnetic field 
is shown by the crosshatching. The magnetic field strength is set at a 
value such that the particles desired in the experiment are deflected 
through exactly 90° so as to emerge horizontally and to pass through 
another narrow slit placed immediately in front of the target that is 
selected for the experiments. During a particular experiment, the 
field strength in the beam-analyzing magnet is kept strictly constant 
so that if, for any reason, the energy of the particles from the accelera- 
tor deviates from the preselected value, the resultant deflection of the 
beam in the field will not be such as to allow it to pass through the final 
slit and to strike the target. With this arrangement, we can be certain 
that only particles of a sharply defined and definitely known energy 
initiate the nuclear reaction to be studied. 

Representative Hosmer. How long will your target be in there? 

Dr. Burcuner. We might run on a particular target for a period 
of only 2 or 3 hours, or for some experiments, where one is interested 
in measuring the intensities of these various particle groups as a 
function of angle, it might be in there for some 100 hours. This may 
be a week of running, or something of that sort. 

The second magnet shown in the drawing is used to measure the 
energies of the particles from the nuclear reaction produced by the 
impact of the beam on the target. The field seodtiesd by this magnet 
is confined to the crosshatched section, and the geometry chosen is 
such that the field acts like a combinaton of a prism anda lens. A small 
bundle of the charged reaction products from the target is defined by a 
_ of slits and is allowed to enter the magnetic field, and the amounts 

y which these particles are deflected measure their energies. After 
emerging from the magnet, the particles are focused along a surface 
which contains a photographic plate. High-energy particles are de- 
flected least and are recorded toward one end of the plate, while the 
low-energy products are brought to a focus at other positions along the 
emulsion, depending upon their energies. Thus, ladaten the mag- 
netic field in this analyzer, a measurement of the positions on the 
photographic plate at which particles are recorded enables a deter- 
mination of the energies of the particles which emerged from the 
target. Because the particle energies involved are quite high, both 
these analyzing magnets are quite large, each one weighing approxi- 
mately 10 tons. The next drawing (fig. 4) shows in more detail the 
actual arrangements in the analyzer used for studying the distribution 
in energy of the reaction products. Much useful additional informa- 
tion can be obtained by studying the variation in intensity of the reac- 
tion products as a function of the angle of observation with respect to 
the bombarding ion beam. Thus, this analyzer is mounted on a care- 
fully constructed carriage so as to rotate about the point of intercep- 
tion of the beam and the target, and the measurement of the angle of 
observation, as well as the other variables in the experiment, can be 
measured with high precision. 
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Ficure 4. Schematic drawing of high-resolution magnetic spectrograph used at 
MIT fur the measurement of nuclear-reaction energies. 
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Representative Jenxins. What is the physical construction of this 
analyzer? 

Dr. Buecuner. Most of the weight of the analyzer comes from a 
number of accurately machined, high-quality, magnet-iron blocks 
which form the circuit for the magnetic tield. There are about 7 tons 
of iron in the magnet. Most of the remaining weight comes from the 
copper coils used for exciting the magnet. The vacuum chamber which 
surrounds the gap in the magnetic field in which the particles move 
and which also encloses the region where the 30-inch-long photographic 
plate is placed is made of aluminum plates we Ided together. 

Some typical results obtained with this apparatus are shown in the 
next drawing (fig. 5). This shows the data from which the energy- 
level diagram of Co** (fig. 1) was deduced. The experiment in this 
case consisted of bombarding a thin target of Co®® with protons hav- 
ing an energy of 6.5 million electron volts. The spectrograph was 
oriented so as to measure the energies of the protons emitted from the 
cobalt target at an angle of 50° with respect to the bombarding beam. 
What is plotted is the number of protons observed at particular points 
as a function of the an sagie of these points along the photographic 
plate used in the analyzing spectrograph. Each position corresponds 
to a certain proton energy, and the field strength in the analyzer was 
set so that 6.5-million-electron-volt protons were recorded near one 
end of the plate and protons with little less than 3 million electron volts 
were registered at the other end. It will be noticed that there are a 
large number of sharp peaks in the diagram, each corresponding to a 
particular —— energy. Each of these peaks, or proton groups, as 
they are called, corresponds to some particular nuclear interaction. 
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The experimental conditions were chosen so that the protons result- 
ing from the interaction of the incident beam with nuclei other than 
Co**, such as carbon, oxygen, and so on, appear grouped together near 
the top of the plate. Also near the top of the plate is a very intense 
peak which is associated with an interaction in which the Co™® nu- 
cleus is left in its ground state. As has been pointed out, if the Co” 
nucleus has been left in an excited state, the energy of excitation would 
not be available as kinetic energy for the associated protons, and the 
corresponding group should appear with a lower energy. In the draw- 
ing, one will notice an intense protion group at an energy of about 5.3 
million electron volts, and this group of protons is associated with 
events in which the Co nucleus is left in its first excited state at 
about 1.1 million electron volts. The other low-energy groups in the 
figure all correspond with events in which cobalt nuclei are left in 
higher lying excited states. Closer inspection of the drawing reveals 
a peak at about an energy of 4.1 million electron volts, which is asso- 
ciated not with a reaction involving Co, but, rather, with an inter- 
action in which some of the sulfur nuclei present in the target as con- 
tamination are left in their first excited state. 

It is from measurements of this sort, carried out in a number of 
laboratories, that much of our information regarding the energy-level 
schemes of nuclei is derived. Co is neither a very complicated nor 
a very simple nucleus, as far as its excited states are concerned. The 
next drawing (fig. 6) shows some recent results obtained in our labo- 
ratory on the isotopes of nickel. Nickel is the next element above 
cobalt in the periodic table, and each nickel isotope contains 28 pro- 
tons. Thus, each isotope differs from the next by 1 additional neutron 
and, by comparing the excited states of these various isotopes, we can 
see the effect on the dynamical properties of the system of adding 1 
neutron at a time. Clearly, the addition of a single neutron to any 
one of the nickel isotopes changes markedly the pattern of the excited 
states, but the addition of two neutrons to any particular isotope has 
only a relatively small effect. As we accumulate more data on the ex- 
cited states of nuclei, more and more clues of this sort will become 
available for use in the search for an understanding of nuclear struc- 
ture. In this search, we are now in a position which is roughly com- 
parable to that period in the development of our ideas about atomic 
structure shortly before the advent of Bohr’s theory for hydrogen in 
1913. We have a number of nuclear models, each relatively successful 
in explaining a limited range of phenomena and each based on different 
and often mutually exclusive assumptions regarding the motions and 
interactions of the particles inside the nucleus. We can hardly say 
we understand the way nuclei are constructed until the observed facts 
are correlated in a satisfactory way by a single comprehensive picture, 
or model. The extensive experimental and theoretical work now being 
carried out in nuclear spectroscopy is directed primarity toward the 
development of such a comprehensive model. (See bibliography, be- 
low.) 
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Ficure 6. Excited states of the nickel isotopes. 
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Representative Hosmer. Dr. Buechner, taking Ni and Ni®*, where 
you find a great difference in the number of excited states, what does 
that lead you back to with respect to the structure of the nuclei? 

Dr. Burcuner. It is very much a guess as to just what is going on 
in there. We do have nuclear models, and some of them are fairly 
refined. I don’t think any of our models would enable us to calculate 
these excitation energies. Ilowever, our ideas are developed enough 
so that one would have expected that for Ni** one would have a quite 
high first excited state. There are protons in there, which do form 
one of the magic numbers which Dr. Williams mentioned. 

Ni® also has an even number of neutrons and Ni* has an odd num- 
ber of neutrons, and the odd neutron makes a considerable difference. 
We do know about that, and we had anticipated it. The actual 
calculations of what the energies of these states would be on the basis 
of particular models have not had any great success. 
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Representative Hosmer. This is basic knowledge for which there 
appears no application at the present moment, possibly, but which Dr. 
Williams might learn of and relate it to his work or you might at a 
later time learn something else which you could reach back and apply 
this body of knowledge to and come up with an answer as to something. 

Dr. BurcHner. We would hope so. 

There are of course some practical applications of this information 
also. The reason we are doing it is from the point of view you have 
just mentioned. 

However, if one is interested in using nickel in a reactor, then one 
has to worry about the interaction of things like neutrons and gamma 
rays and so on with the nickel that you use. The knowledge of where 
the excited states are and how much energy can be taken up in an 
interaction is important information. 

These numbers are consequently of some importance also to nuclear 
technology. 

Representative Hosmer. The information may remain unused except 
for that purpose for a long time, but at some later time it will feed 
very important practical applications. 

Dr. BuecHner. We cannot say at this time which bit of information 
is going to provide a key clue. If we could, it would be easier to pick 
the best experiments. However, there is no doubt about the long-range 
importance of such information. 

Representative Hosmer. In your periodic table, you are taking ele- 
ments that have no relation to reactors or energy at the present time? 

Dr. BuecHner. In general, the ones we pick out are the ones which, 
in our best guess, offer the best hope for a clue today. 
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Mr. Brown. Doctor, why is it so important to make these measure- 
ments to such a high precision, because apparently the more precision, 
the more costly the work? Does it add fundamentally to new 
information ? 

Dr. Burecuner. Yes, and of course the precision which you need 
depends on the particular state of the art. This is not very high pre- 
cision in one sense. These measurements are made to about a tenth of 
a percent. The real data which led to the development of our ideas 
regarding atomic structure were accurate to about 1 part in 1 million or 
1 part in 100 million. There will be a time when the present data are 
not accurate enough. Even with our present models, one sometimes 
néed data which are more precise than this. After all, we are trying 
to learn about nature, and the more precisely one can learn, the better 
one can use it and the better one can understand it. 

Thank you very much. 

Representative Hosmer. The next speaker will be Prof. Tom W. 
Bonner, chairman of the department of physics, Rice Institute, Hous- 
ton, Tex. Professor Bonner is a consultant to the Los Alamos Lab- 
oratory and has been a member of the Commission’s Nuclear Cross- 
Sections Advisory Group since 1951. His primary field of interest 
is in medium energy nuclear physics. Professor Bonner. 


STATEMENT OF DR. TOM W. BONNER,’ OF RICE INSTITUTE 


Dr. Bonner. Dr. Buechner has just finished telling you about his 
very important experiments to measure the energy levels in nuclei, 
and I shall try to tell you of some experiments we have been doing 
to see what happens to nuclei in these excited states. 

In general, nuclei in excited states are unstable. They don’t last 
very long, and they go back to lower energy states. This can take 
place either by the emission of gamma radiation or by the ejection 
of particles like protons and neutrons and alpha particles from the 
nucleus. 

In order to study the gamma radiations from excited states, we 
have to have a particle accelerator to produce these excited states 
through nuclear reactions or transmutations. At Rice Institute we 
have a 6-million-volt Van de Graaff accelerator which has been sup- 
plied by the Atomic Energy Commission and I thought it might be 
interesting to show a picture of the installation of this equipment. 
You can’t put one of these accelerators in any room in your physics 
building. The first slide (fig. 1, p. 376) will show the building that 
we had to construct at Rice Institute to house this accelerator. The 


1Born: Greenville, Tex., October 19, 1910. 
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Fellow of the National Research Council at California Institute of Technology, 1934-36. 
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Institute, 1936 to present time. Guggenheim fellow at Cambridge University, 1938-39. 
Associate head, airborne division, radiation laboratory, Massachusetts Institute of Tech- 
nology, 1941-46. Consultant, Los Alamos Scientific Laboratory, 1946 to present ; Socony- 
Mobile Oil Co., 1946 to present. Member of the council, Oak Ridge Institute of Nuclear 
Studies since 1949. Member of the Nuclear Cross Sections Advisory Group to the Atomic 
Energy Commission since 1951. Member of the National Committee of the International 
Union of Pure and — Physics, 1957 to present. 

Bevo editor: Review of Scientific Instruments, 1946-49, 1952-55; Physical Review, 
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tall tower is necessary because the column of the Van de Graaff ac- 
celerator, which is similar to that described by Dr. Buechner, is 
rather high. In the next slide (fig. 2, p. 377), we see the actual 
accelerator, with the high pressure tank removed and sitting on the 
shelf. 

The accelerator is on the right, and at its top is the ion source, 
where the particles are formed that are speeded down the length of 
the apparatus. 

Representative Hosmer. Will you explain how that accelerator 
works? 

Dr. Bonner. I think Dr. Buechner explained something of this. 
Sections of the vertical column are all insulated from each other, 
and there may be about 50,000 volts between each section, and so 
there is accumulatively 6 million volts difference of potential between 
the top and the bottom of the accelerator. Actually there is a metal 
dome that fits on the top which has a very smooth surface to prevent 
sparking to the wall. 

The ion source at the top of the accelerator is like a neon lamp; 
it is a bright red when it is running. From this source come the 
positive ions which are repelled by the positive charge at the top of 
the dome, and then go down a vacuum tube, which extends the whole 
length of the column; the ions go faster the further they travel and 
by the time that they get to the bottom, they have an energy which 
we call 6 million electron volts. Each ion has a charge of 1 electron, 
and they fall through 6 million volts, and so have an energy of 
6 million electron volts. 

The next slide (fig. 3, p. 378) shows another picture of the accel- 
erator; you see the smooth metal dome on the top and you can see 
a little bit more at the bottom. A motor is visible which drives the 
belt that carries the charge up the accelerator. These pictures just 
show the accelerator and the accelerator is necessary but you don’t 
do the experiments with the accelerator alone; you need other 
equipment for your experiments. 

Experiments are carried out on the floor below the accelerator, 
and the beam is piped there in a vacuum tube. 

The next slide (fig. 4, p. 379) shows equipment in the research 
area; on the left, is the analyzing magnet which bends the beam from 
a vertical direction to the horizontal; it also serves as an energy 
analyzer that defines the energy very precisely. The beam proceeds 
in a vacuum tube from the magnetic analyzer to the auxiliary equip- 
ment, which in this case is a gamma ray spectrometer. This appa- 
ratus measures the energies of gamma rays, in a rather similar way 
to the equipment that Dr. Buechner described which measured the 
energy of charged particles. 

The spectrometer is made up of four coils which carry large cur- 
rents that produce a strong magnetic field even though there is no 
iron in this analyzer. Currents of 500 to 600 amperes in the coils 
produce magnetic fields that have the right shape and magnitude to 
focus electrons both positive and negative which are created at the 
target end of the apparatus. 

The next slide (fig. 5, p. 379) shows what is on the inside of this 
equipment. The beam of high speed charged particles, which may 
be either protons, deuterons, or alpha particles, enter from the left 
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as a narrow beam and go through a small hole that defines a very 
small spot where they hit the target. 

The target that we used in the experiment that I want to describe, 
was a thin foil of beryllium. We bombarded this foil of beryllium 
with a beam of alpha particles. 

In the nuclear reaction that takes place we formed C’? and a neu- 
tron. C’? is a rather simple nucleus, much simpler than cobalt which 
was described by Dr. Buechner. In studying gamma radiations, we 
have begun with the lightest elements which give the simplest spectra. 
Gamma rays that are produced in the target interact with the mate- 
rial in the target, and create positive and negative electron pairs. 
— gamma ray disappears and forms a pair of positive and negative 
electrons. 

These secondary electrons are bent in this spectrometer along the 
paths as shown and they come to a focus at the exit part of the spec- 
trometer, where there are two detectors that count the positive elec- 
trons and the negative electron in coincidence. Whenever we get a 
coincidence, it means that both a positive and negative electron have 
been focused. 

The way we carry out experiments then is to see how the counting 
rate in these counters depends upon the current sent through the coils. 
We have a calibration relating the current that goes through the coils 
and the quantum energy of the gamma rays produced in the target. 
One nucleus, as I mentioned before, in which we have been interested, 
is C*. It hasa rather simple structure and experiments have shown 
that the first excited state has an energy of 4.43 Mev, and the next 
excited state, or the second excited state has an energy of 7.65 million 
electron volts, We have carried out experiments to look at these 
gamma rays primarily to see whether the second excited state decays 
by the emission of gamma rays, or by charged particles. The next 
slide (fig. 6, p. 380) will show the results that we obtained. The rela- 
tive counting rates are given as a function of the gamma ray energy 
in million electron volts. 

We see that there is a pronounced peak at 4.43 Mev, showing that 
this state does decay by gamma emission, and when we look at the 
region of 7.65 Mev we don’t see a peak, and we have concluded that 
the state in C™ at 7.65 Mev does not decay by gamma emission, but 
breaks up into Be*® and an alpha particle, in more than 95 percent 
of the cases. 

Another type of experiment which we have carried out is to see 
how the probability of producing C** depends upon the energy of 
the particles used to bombard the target. The next slide (fig. 7 , Pp. 
381) will show the results of such experiments. 

The top curve shows how the number of gamma rays varies as a 
function of the alpha particle energy. Below 2 million volts of bom- 
barding energy, the cross section for this reaction, or the probability 
of its taking place, drops off rather rapidly. This result is under- 
stood from the theory that the charge on the alpha particle causes 
a repulsive force and so the alpha particle needs more than a minimum 
energy to be able to get into the nucleus and produce a reaction. 

When we get above 1.5 Mev, we see that there are peaks in the curve 
due to resonances in this reaction much like the resonances that 
Dr. Havens spoke about for low-energy neutrons. On the other hand, 
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these levels are rather wide in terms of energy, very much wider than 
the levels that he talked about. The level at 1.9 Mev has a width of 
several hundred thousand volts. We see again that there is a differ- 
ence in the width of some of the levels, or resonances; the resonance 
at 4.0 Mev is rather narrow in comparison to the others; it has a width 
of 60,000 electron volts. These resonances correspond to excited 
states in the compound nucleus, C*, which is produced in this reaction. 

We think of the reaction taking place in several steps. First, the 
Be-9 nucleus is struck by an alpha particle, and then for a short length 
of time the two particles form a C-13 nucleus in a very highly excited 
state. This C-13 nucleus later breaks up into C-12 plus a neutron. 
The widths of the resonances depend upon how long this C-13 
exists in these excited states. The lifetime of these compound nuclei 
is extremely short. It is about one-millionth of a millionth of a mil- 
lionth of a second. 

j ne Hosmer. You write it but you don’t measure it, 
0 you 

Dr. Bonner. We write it as 10—*, that is 18 zeros before the number 
1, but we cannot measure this directly. We see that these compound 
— exist a very short time in comparison to the other states of 
nuclei. 

We have been able to produce this same excited state in C-12 by a 
different type of experiment. This experiment is carried out by 
bombarding a carbon ring with high-energy neutrons. The neutrons 
can be inelastically scattered and produce C-12 in the same excited 
state at 4.43 million electron volts; this will be the same level that 
we have produced in the other nuclear reaction. The next slide (fig. 
8, p. 382) will show the experimental setup for doing this experi- 
ment. We have a beam of deuterons that strike a deuterium target 
which produces neutrons. Then these neutrons go out in all direc- 
tions and hit a graphite scatterer which is the source of the carbon, 
and about 10 percent of the neutrons that hit this ring are inelastically 
scattered, coking C-12 in an excited state. Then we look at the gamma 
rays that are produced from these excited states of C-12. 

The next slide (fig. 9, p. 382) will show the results. In this experi- 
ment what we do is to vary the neutron energy and see how many 
gamma rays we produce in the carbon range which scatters the neu- 
trons. Again we see that there are resonances in this reaction. There 
is a threshold for the reaction that is calculated to be at 4.8 million 
electron volts and we see the cross section for producing these gamma 
rays does go to zero at this energy. 

Above 4.8 million electron volts the curve shows resonances which 
correspond to some of the same excited states in C-13 that we produced 
by the other reaction. Actually, the levels at 7.5, 7.8, and 8.15 million 
electron volts are the same levels as were produced in the other nuclear 
reaction, although the relative intensity of the excitation of these com- 
pound states varies quite radically in the different types of nuclear 
reaction. 

In some cases, we can calculate or partially understand the rela- 
tive intensity of these excitations, and in other cases it is not so clear 
why there is the variation from one type of reaction to another. 
epresentative Hosmer. Will you explain that coding on that slide? 
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Dr. Bonner. The coding refers to the curve at the top of the slide, 
which gives the total cross-section for neutron scattering in C-12. 
If you scatter neutrons and measure the total cross-section, you get 
resonances which are shown on this curve. This total neutron cross- 
section curve includes data obtained at Wisconsin, Rice, and Los 
Alamos. You will notice that the resonance in the total cross-section 
curve at 6.3 million electron volts is also shown by the cross-section 
for the production of gamma rays. Both reactions go through the 
same compound nucleus and so we see a similarity between these 
curves of the total cross-section and the cross-section for producing 
gamma rays. 

Representative Hosmer. Do you get any information from foreign 
sources in connection with these particular experiments ? 

Dr. Bonner. Yes; most of the information we get is in the open 
literature published in the physics journals abroad. 

Representative Hosmer. You are not actually working with any 
groups in any other countries? 

Dr. Bonner. Well, I have friends in a number of places in England 
who follow our experiments and I follow the experiments of a number 
of people in England. A lot of work in this general field is done in 
Canada, at Chalk River. 

Representative Hosmer. There is a certain fraternity among people 
oa are doing this particular work as there is in other particular 

elds. 

Mr. Brown. Doctor, the committee knows of quite a few of these 
universities that have these Van de Graaff accelerators, Are there 
enough of them in the country to satisfy the demand? How many 
hours a day has your machine been used, and is this representative ? 

Dr. Bonner. On our machine, which we have had for something 
over 4 years, we have a meter that tells how many hours we have 
used it. We run it over 4,000 hours a year, which, if I calculate cor- 
rectly, is something like 16 hours a day. So you might say that we 
are using it to capacity. If we wanted to do any more work, we 
would have to have another accelerator. 

Representative Hosmer. Who pays for that? 

Dr. Bonner. The building was built by Rice Institute, and the 
accelerator was furnished by the Atomic Energy Commission. 

Representative Hosmer. I would imagine that you feel that you 
could use a good deal more equipment at Rice than you have at the 
present time ? 

Dr. Bonner. Yes. We would like to have a new accelerator that 
is being built by High Voltage Engineering Corp.; they are selling 
one to Canada, and one is being built for Wisconsin, and we would 
like to have one of those, too. 

Representative Hosmer. I think that it was mentioned the other 
day there was a need for equipment and a need for buildings. Have 
you a building _—— at Rice, or are you fairly well financed from 
that standpoint ? 

Dr. Bonner. We are building new buildings, if that is what you 
mean, but I think any university has a building problem. 

Representative Hosmer. They are a little less intense in Texas, as I 
understand it; is that right? 
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Dr. Bonner. I am not sure that is true. We have several new 
buildings going up on our campus right now, that have been donated 
by seeal deur but I think all universities have a building problem. 

Mr. Brown. As I understand it, these studies of yours require sep- 
arated stable isotopes. Is nuclear physics, as far as you know, the 
main consumer of these isotopes, and is the supply adequate for 
the needs? 

Dr. Bonner. I don’t think so. We always have certain difficulties 
in obtaining stable isotopes. Recently, we have been trying to get 
some O%* depleted of O'* which would make possible measurements 
of the gamma radiation from O**. When we work with ordinary 
oxygen, we can’t do this experiment. We find that this stable isotope 
is not available. 

Also, we have been interested in doing some experiments with 
separated C**, and in the case of this isotope, it is harder to obtain 
now than it was 5 years ago in certain forms that are useful in making 
targets. 

Mr. Brown. How does this come about? 

Dr. Bonner. I think the AEC doesn’t have enough money to spend 
in the stable isotope field. That is my impression of the reason. 

Representative Hosmer. Thank you, Dr. Bonner. 

(The full statement of Dr. T. W. Bonner follows:) 


GAMMA RADIATION FroM Excritep STATES oF LIGHT NUCLEI 
T. W. Bonner, The Rice Institute 


Dr. Buechner has just finished telling you of his very important experiments 
which measure the energy levels in nuclei. The experiments which I want to 
describe attempt to find out what happens to these excited states of nuclei. 
Atoms in excited states are unstable and so they decay either by the emission 
of gamma radiation or by the ejection of protons, neutrons, or alpha particles 
from the nucleus. 

In order to study the gamma radiations from excited states of nuclei, we 
first need to produce disintegrations by means of an atomic gun or particle 
accelerator. At The Rice Institute we have a 6-million volt Van de Graaff 
accelerator, which is housed in a specially designed building, which is shown in 
the first slide (fig. 1). The tower is made to house the tall vertical column 
of the machine. The second slide (fig. 2) shows a view of the accelerator with 
the outer pressure tank removed. The third slide (fig. 3) shows another view 
of the accelerator from another angle. The equipment which you have seen in 
the last two slides is the “gun” which speeds charged particles, either protons, 
deuterons, alpha particles, or He* particles to sufficiently high velocities so 
that they are able to penetrate into the nuclei of atoms and produce transmuta- 


tions. Frequently the atomic nucleus that is made in a transmutation is left 
in an excited state. 
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FIGURE 3. 
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Ficure 4. 
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FIGURE 5.—Diagram of modified intermediate-image magnetic-lens pair 


spectrometer. 


An apparatus which we have developed at Rice to study the energies of these 
gamma radiations is shown in the next slide (fig. 4). This gamma ray spec- 
trometer is located on the floor below the Van de Graaff accelerator. and the 
high-speed particles are piped to it through a long vacuum tube. The spec- 
trometer is made up of four coils which carry large electric currents that pro- 
duce a strong magnetic field. This field has the proper magnitude and extent so 
that it bends positive and negative electrons so that they reach two counters 
which are placed at the focal point of the apparatus. The next slide (fig. 5) 
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shows a diagram of this apparatus. The beam of high-speed particles from the 
accelerator hits a target where nuclear disintegrations are produced. The 
excited nuclei, which are formed, decay by the emission of gamma radiation. 
The radiations with a quantum energy of over 2.5 million electron volts have 
a considerable probability of interaction with the materials in the target creating 
a positive and negative electron “pair.” The energy of the gamma radiation is 
accurately measured by determining the current in the coils which is necessary 
to focus a positive and negative electron pair at the counting end of the spec- 
trometer. Coincidences between two semicircular scintillation counters placed 
at the focal position are recorded for different currents in the coil of the spec- 
trometer. Now I should like to tell you of one or two experiments which we 
have recently carried out with this apparatus. 

For several years we have been interested in the excited states of the very 
lightest nuclei and I shall describe the results of experiments which measure 
the gamma radiation from such nuclei. 

The .C” nucleus has a rather simple structure with its first excited state 
at 4.43 million electron volts above its normal or “ground state” and a second 
excited state at 7.65 million electron volts (abbreviated Mev). We have looked 
for gamma radiation from these states of C” with the pair-spectrometer. One 
of the main objects of this experiment was to see if the «C” nucleus in the 7.65 
Mev state decays by gamma radiation or by breaking up into ,.Be*+.He*. Atoms 
of C” were produced in excited states from the nuclear reaction : 


.Be’+:He> (.C*)> C"* +n. 


The next slide (fig. 6) shows the results of these experiments. A pronounced 
peak is shown at that current in the coils which corresponds to gamma radiation 
of 4.43 Mev, but no noticeable effect was observed for 7.65 Mev gamma radiation. 
From this experiment we were able to conclude that more than 95% of the C” 
nuclei formed in this state at 7.65 Mev break up into .Be*+.He* instead of emitting 
gamma radiation. 
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Another experiment was made to see how the probability of making these 
gamma rays depended on the bombarding energy of the alpha particles which fall 
on the beryllium target. The next slide (fig. 7) shows the cross section, or 
probability of producing 4.43 Mev gamma radiation as a function of the energy 
of the alpha particles. The results show that there are certain “resonant 
energies” for which the nuclear reaction has a higher probability of taking 
place. The positions of these “resonances” correspond to excited states of the 
“compound nucleus” C“ which exists for a very short time interval, about a 
millionth of a millionth of a millionth of a second, that is 10 seconds. These 
resonances correspond to excited states of C* with energies of 11.97, 12.46, 13.41, 
and 13.7 Mev. All the levels do not have the same width and you can easily 
see that the resonance at 4.0 Mev is narrower than the others. There is a simple 
relation between the widths of the resonances and the life-times of these states 
of the compound nucleus. The nuclear states corresponding to the narrow 
resonances have a longer life-time than those from broad resonances. 

We have also recently studied another way of producing gamma radiation 
from this same state in C“*. High energy neutrons are scattered from carbon 
in the form of a graphite ring. The next slide (fig. 8) shows the experimental 
arrangement which was used. About 10% of the neutrons which strike the 
carbon ring make inelastic collisions leaving the carbon nucleus in the excited 
state. The purpose of the experiment was to see how the probability of inelastic 
scattering depends on the energy of the neutrons. The next slide (fig. 9) shows 
the results. The calculated threshold for this process is at 4.8 Mev and we see 
that the probability of this process goes to zero at almost exactly this energy. 
The process responsible for these gamma rays can be written: 
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eC? + on’ > («C")>.C**-+ on. 


We see that the same compound nucleus («<C™) is involved as in the reaction 
with alpha particles on beryliium. Not only is the same compound nucleus in- 
volved but several of the states of the compound nucleus are the same in the 
two experiments. The resonances at neutron energies of 7.5, 7.8, 8.15, and 9.3 
Mev corrsepond to levels in C* at energies of 11.87, 12.16, 12.46, and 13.54 Mev. 
Although three out of four of these states in C“ were observed in the other 
experiment, the relative intensities of the states in C™” are quite different de- 
pending on the way in which they are formed. 
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The next experiment is of a different type than those which I have just de- 
scribed and was performed by bombarding a target of N“ with high speed deu- 
terons. Two nuclear reactions result from such bombardment : 


.N“+-,H*>,N“-+-,H? 
iN“+-,H*>,0"-+.n’. 


The nuclei ;N“ and ,O” are called “mirror nuclei’; each nucleus is made up of 
7 protons and 7 neutrons plus one extra particle which is a neutron in the case 
of :N“ and a proton in the case of O”. We have compared the gamma ray 
spectrum from these nuclei and the results are shown in the next slide (fig. 10). 

A number of high energy gamma rays are shown in this spectrum, some of 
these are from N” and some from O”. The highest energy gamma ray from 
O” is 6.81 Mev; excited states of this nucleus at higher excitations are unstable 
for break up into N“+H’ and this process is much more likely than gamma 
emission. The next slide (fig. 11) shows the gamma rays from N” which have 
still higher energies than those given on the last slide. The greatest gamma 
ray energy of 10.8 Mev is unusually high and results because of the particular 
stability of N* against break up with charged particle emission. 


n*, 0 
E, = 4.0 MEV 


COUNTS PER MICROCOULOMB 


5.0 6.0 7.0 8.0 9,0 
ENERGY IN MEV 


it 








: 





384 PHYSICAL RESEARCH PROGRAM 
0.8 14 

oo 

cs . N'i4 ad 

oO 

an 

> Ey = 4.5 Mev 

5 06 

« 

Y 

= 

“ 

a 04 

” 

Ke 

_ 

-— 

oO 

- a2 
0 te 

8.0 6.5 $3.0 9.5 10.0 10.5 11.0 


GAMMA RAY ENERGY - MEV 
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FIGURE 12. 


The next slide (fig. 12) shows the energy level diagrams of the two nuclei N* 
and O”. We see that the gamma radiation from the lower states of each 
nucleus is quite similar although the energies of gamma radiation from O” 
are slightly less than from N”. The similarity of these mirror nuclei shows that 
there is very little difference between the forces on a proton or a neutron in a 
light nucleus. The observed differences in the energy levels can be explained 
as due to the relatively small electrical forces of repulsion exerted on the proton 
which are not felt by the electrically neutral neutron. 

You will notice that there are no lines indicating gamma rays from levels in 
N” at 7.16, 7.57, 8.57, 9.06, and 9.83 Mev. It is believed that nuclei excited to 
these states decay by steps in falling to the ground state of N*. Thus two or 
more gamma rays are given off for each decay. These “cascade gamma rays” 
are of lower energy and have not been studied carefully as yet, although we hope 
to find out more about them in the near future. 
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Bent, T. W. Bonner, J. H. McCrary, W. A. Ranken, and R. F. Sippel, Phys- 
ical Review 99, 710 (1955). 

4. Gamma Radiation from C*+d and N“*+d. W. A. Ranken, T. W. Bonner, J. H. 
McCrary, and T. Rabson, Physical Review, February 1, 1958. 


Representative Hosmer. We are very pleased to have as our last wit- 
ness this morning, Dr. Tsung-Sao Lee, of Columbia University. 

Dr. Lee, as you know, is a citizen of Nationalist China and a most 
recent Nobel prizewinner for the work that he has done in defining the 
theory which led to the overthrow of the conservation of parity 
concept. 

We are very happy to see you here, Doctor Lee. 


bo 


STATEMENT OF DR. TSUNG-DAO LEE,’ OF COLUMBIA UNIVERSITY 


Dr. Ler. We shall begin this discussion by reviewing very briefly 
our knowledge about elementary particles and their interactions. As 
we know, all atoms are made of composites of elementary particles. 
Today there are about 30 different kinds of elementary particles. Some 
of these are well known like protons, neutrons, and electrons. Some 
of these particles were discovered only quite recently. 

Figure 1 shows all the known particles with mass greater or equal 
to that of proton. These are called heavy particles. Except proton 
and neutron, these heavy particles are all labeled by capital Greek 
letters. The superscripts indicate their charges and the ordinate 
their masses in bev. The antiproton and antineutron were discovered 
about 2 years ago at the University of California by using the 6-bil- 
lion volts bevatron. The other antiparticles are expected to exist 
from general theoretical arguments. Because of the energy limits 
of the present available accelerators, these particles are not yet ob- 
served. They are denoted by dotted lines. 


1 Born in Shanghai, China, on November 25, 1926, the third of six children of Tsing-Kong 
Lee and Ming-Chang Chang. He married Jeanette Hui-Chung Chin in 1950. They have 
two sons, James Lee and Stephen Lee. 

He received most of his high-school education in Shanghai. During 1943-44 he attended 
the National Chekiang University in the Kweichow Province. In 1945 he attended the 
National Southwest University in Kunming, Yunan Province. In 1946 he received a 
Chinese Government fellowship which enabled him to further his studies in the United 
States. From 1946 to 1950 he studied at the University of Chicago and received his 
doctor of philosophy decree in 1950. 

He was research associate in astronomy at the University of Chicago in 1950, research 
associate and lecturer in physics at the University of California from 1950 to 1951, 
member of the Institute for Advanced Study at Princeton, N. J., from 1951 to 1953. Since 
1953, he joined the physics department at Columbia University, first as an assistant 
professor, became an associate professor in 1955, and professor in 1956. 

He has done research on theoretical physics in the following subjects: Properties of 
elementary particles, statistical machines, field theory, astrophysics, and turbulence. In 
1957 he and Dr. C. N. Yang received jointly the Albert Einstein award in science from 
Yeshiva University, and the Nobel prize in physics. 
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FIGURE 1. 


Masses and charges of heavy particles and anti-heavy particles. 
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FIGURE 2.—Masses and charges of light particles. 


Figure 2 shows all the known particles with mass less than that of 
proton. These are called light particles. 

The major task of the physicists is to understand the forces between 
these particles. In a certain sense the object of studying physics is 
just to comprehend these interactions. All interactions between these 
particles can be classified into four distinct groups, figure 3: 


Figure 3—Interactions between elementary particles 
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strong forces. We know there are strong forces between heavy par- 
ticles. These forces are responsible for the formation of all known 
nucleus. ‘They are also responsible for the collision processes, and 
the production processes between heavy particles, 7-mesons and K- 
mesons. 

The next group is the electromagnetic forces. They are weaker 
than the strong forces. The electromagnetic force is responsible for 
all the structures of molecules and atoms. If you compare the strong 
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forces with these, the electromagnetic forces are weaker by a power 
of 100. 

After the electromagnetic forces, we have the so-called weak forces, 
or the decay interactions. All of the known particles with nonzero 
masses are unstable. Because of their relatively long lifetimes— 
from 0.3 of a billionth of a second for A° to about 15 minutes for 
neutrons, the forces responsible for their disintegrations are very weak 
compared to the strong forces by a factor of 10 to the power minus 
13 (107). 

After that, we have the gravitational force which compared with 
the strong forces between, say, 2 protons is weaker by a factor of 10 to 
the power minus 38 (10-**). At present only the second and fourth 
group, namely the electromagnetic forces and gravitational forces are 
well understood. 

Now, to understand the nature of these interactions, physicists 
rely on two complementary descriptions: the symmetry principle and 
the detail physical laws. The symmetry principles deal only with the 
behavior of our physical world under certain general operations like 
translation, rotation, mirror reflection, etc. The physical laws treat 
the more detailed structure of matter and the detail mechanism of 
their interactions. Because the symmetry principles deal only with 
generalities, all dynamical laws must obey these symmetry principles. 

In fact, much of the consequences of our physical laws can be un- 
derstood and derived from these symmetry principles alone without 
any detailed knowledge about the physical objects. For example, 
even as early as Galileo and Newton’s time it was realized that the 
supposition of the simple symmetry principle that our space and time 
are homogeneous fei directly the conservation laws of momentum 
and energy. 

In modern physics, the role of symmetry principles plays even a 
more decisive part. The general structure of the periodic table is 
essentially a direct consequence of the law that electrostatic potential 
between two charged particles depends only on the magnitude of their 
relative distance but not on its cicvatna, which, in turn, is a direct 
result of the symmetry principle that all physical laws must be un- 
changed under a rotation in space. 

To give another example, we mention that the principle of special 
relativity is, in essence, the statement of the symmetry principle that 
our physical laws must remain unchanged under a rotation in the 
four-dimensional world. The law of interchangeability between 
energy and mass can be derived directly from this symmetry principle. 
Even the existence of antiparticles, namely positron, antiproton and 
antineutron were, in fact, anticipated from this same symmetry 
property. 

The law of conservation of parity is connected with another sym- 
metry principle; the symmetry between right and left. The concept 
that nature does exhibit such symmetry dates back to the early his- 
tory of the development of physics. Of course in daily life left and 
right are quite distinct from each other. Our hearts, for example, are 
usually on our left sides. The language that people used in the orient 
and the occident carries even a further connotation that right and left 
signifies good and evil. However, the laws of physics have always 
shown complete symmetry between the left and the right, the asym- 
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metry in daily life being attributed to the accidental asymmetry of 
the environment or initial condition in organic life. 

To illustrate the point we mention that if there existed a mirror 
image man with his heart on his right side, his internal organs reversed 
compared with ours, his body molecules, such as sugar molecules, the 
mirror image of ours and if he eats the mirror image of the food that 
we eat then according to the principle of symmetry between right and 
left this mirror image man should function exactly as well as we do. 

This principle of symmetry under mirror reflection has been found 
to be true in classical physics, in molecular physics, in atomic physics 
and in phenomena dealing with electromagnetic radiation. It became 
one of the very fundamental ideas and was used unquestioned in all 
domains of physics. It was applied to nuclear reactions, 8-decay, 
meson interactions and all branches of particle physics. From this 
symmetry principle physicists derived the law of conservation of par- 
ity and, in turn, the success of the parity law supports strongly this 
mirror symmetry. 

It is against this background that about 4 years ago physicists at 
various laboratories reported some strange behaviors exhibited by a 
certain elementary particle, K-meson. These K-mesons are produced 
artificially only by the very high energy machines, such as the cosmo- 
tron at the Brookhaven National Laboratory and the bevatron at the 
Radiation Laboratory of the University of California. These K- 
mesons, after their productions, live only about one-hundredth of a 
microsecond and then decay into y-mesons. However, the particular 
decay pattern of this K-meson seems in violation of the expectation 
of our physical laws then in existence. 

In our attempts to understand this puzzling behavior, Prof. C. N. 
Yang of the Institute for Advanced Study and I instigated a series of 
theoretical investigations. We were led through these investigations 
to the conclusions that perhaps the root of this puzzle lies in the fact 
that parity is not absolutely conserved or, in other words, our physical 
laws are not absolutely symmetrical with respect to right and left. 
Although we have ample evidence that in all strong and electromag- 
netic interactions parity is conserved, the same, however, cannot be 
applied to the weak interactions. We suggest that all these weak in- 
teractions may, in fact, be not symmetrical under a mirror reflection. 

To confirm this suggestion, we proposed a number of experimental 
tests. The basic principles involved in these tests are quite simple: 
1 constructs 2 sets of experimental arrangements which are mirror 
images of each other and which contain the particular interaction 
under question. One then examines whether these two arrangements 
always give the same results in terms of, say, the readings of their 
meters. Ifthe results are not the same, one would have an unequivocal 
proof that right-left symmetry, as we usually understand it, breaks 
down. 

Figure 4 shows the principle involved in the experiment proposed 
to test parity conservation in £-radioactivity. 

This experiment was first performed in the latter part of 1956 by 
Wu of Columbia University and Ambler, Hayward, Hoppes, Hudson 
of the National Bureau of Standards. 

Figure 5 shows the actual experimental setup which was, however, 
very involved. Because to eliminate outside disturbance the experi- 
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ment has to be done at very low temperature about 0.01° absolute. 
The magnets which polarize this cobalt 60 are produced by electric 
currents. By reversing the direction of these currents alone and with- 
out changing anything else, one can produce the mirror arrangements. 
The result of their experiment showed conclusively that parity is not 
conserved, and the right-left symmetry does not hold in the f-inter- 
action. 


MIRROR 


CN © 4> 


COUNTER ASATUUOD 


FIGURE 4,—Basic idea of tests for parity conservation. 
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Ficure 5.—Experiments on parity conservation using polarized Co” nuclei. 


Only a few days after the result of this Co” experiment was known, 
another two groups of physicists using the high energy cyclotrons at 
Columbia University and University of ( ‘hicago showed the same con- 
clusion about the right-left symmetry for the ‘dec: ays of z-mesons and 
p-mesons. 

Since then, within the short span of 1 year, near a hundred experi- 
ments have been performed and repeated demonstrating this asym- 
metrical behavior of elementary particles. Many of the low energy 
and high energy physics laboratories over various different nations are 
working actively to establish and investigate the nature of this non- 
conservation of parity. 
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Through these intensive investigations, we know now that the non- 
conservation of parity is a general property for all weak interactions. 
We learn that this asymmetrical behavior under mirror reflection is 
true for all known particles with, however, different degrees of asym- 
metry; it is only very slightly asymmetrical for the proton and neu- 
tron but 100 percent for the neutrino, one of the lightest particles 
that we know. 

From these experimental results, we can further prove that these 
reactions are also not symmetrical with respect to another symmetry 
operation called charge conjugation which changes a particle to an 
antiparticle, for example, an electron to a positron, a proton to an anti- 
proton, et cetera. 

The most important consequences of these developments are, per- 
haps, that we are now viewing nature with a new understanding, and 
that new possibilities and new directions are now open which may en- 
able us to form a complete theory of elementary particles. 

The progress of science has always been the result of a close inter- 
play between experiments and theory. The theory cannot evolve with- 
out some experimental facts, yet the direction of new experiments is 
also greatly conditioned by the theory. The present development of 
nonconservation of parity is one good example of such close mutual 
influences. 

Representative Jenkins. I want to compliment the doctor on the 
clearness of his statement and the apparent fairness, and I am sure 
it will be received by our college people in this country with acclaim. 

Representative Hosmer. Dr. Lee, you disturbed a lot of people with 
the work that you and your coworkers did. Are there any of the other 
so-called fundamental laws of physics in danger from new ideas and 
discoveries? 

Dr. Lez. Not at the present time. But, of course, what we are con- 
cerned with is not just to find out what is the false impression but 
also to find out what is the true impression. 

Mr. Brown. Have you had anything to do with the discussions 
which have gone on now and again about the possibility of time going 
backward ? 

Dr. Ler. I think about the tests on time-reversal we were among the 
first ones to point out its importance. We had worked together with 
other physicists in relating time reversal to other symmetry properties. 

Mr. Brown. Are there any experiments going on out at Fees in 
that? 


Dr. Ler. There is an experiment in Argonne, as well as in many 
other laboratories. 

Mr. Brown. There is one other thing, Doctor. You said, I believe 
that the results of your study could not have been obtained without the 
existence of high energy accelerators. Would you care to comment on 
the value to the scientific world of these accelerators, and the availa- 
bility of them, and our needs for the future ? 

Dr. Ler. Yes, I think that in this particular case relating to the 
whole concept of our work on the right and left symmetry and our 
daily experience with physical laws, we need some new phenomena 
which will indicate what we used to believe may not be true. Very 
high energy physics, particularly in the domain of a billion volts, is a 
region that we have very little knowledge of. So, if we are to have 
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some new hints to the detailed structure or ultimate structure of physi- 
cal laws and nature, it is more likely that it will be coming from a 
region that hitherto we have little knowledge of. Consequently, I 
will say that high energy physics contribute greatly not only to under- 
stand the branch of high energy physics itself, but to all other branches 
of physics, because it deals directly with physics on a part that we have 
little knowledge of. 

Representative Hosmer. Before closing these hearings, I would like 
to say that it is sometimes apparent, but seldom admitted, that the 
audience in some of these congressional hearings knows more about 
what is being said than the Congressmen who are conducting the in- 
quiries. I shall hasten to admit that such is the case today, and per- 
haps some of the other days that we have held these hearings. But, in 
so doing, I wish to express on behalf of the entire committee our ap- 
preciation to you gentlemen for taking part. 

The purpose of these hearings is only incidentally to enlighten the 
members of the committee, and primarily to indicate the state of basic 
research in the United States and to point out ways and means by 
which your objective and ours can be attained, namely, to recognize 
the need for, and adequately carry on basic research as a foundation to 
attaining our national objectives. 

Thank you, gentlemen. 

Without objection the full statements of the witnesses, together with 
diagrams and photographs will be included in the record of today’s 
hearings. 

Our next meeting will be Monday, February 10, at 10 a. m. in room 
457, Senate Office Building. 

(Whereupon, at 12:10 p. m., Friday, February 7, 1958, the hearing 
was recessed, to reconvene at 10 a.m, Monday, February 10, 1958.) 
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MONDAY, FEBRUARY 10, 1958 


CONGRESS OF THE UNITED STaTEs, 
SUBCOMMITTEE ON RESEARCH AND DEVELOPMENT 
OF THE JOINT CoMMITTEE ON ATOMIC ENERGY, 
Washington, D.C. 

The subcommittee met, pursuant to recess, at 10 a. m., in room 457, 
Senate Office Building, Hon. Clinton P. Anderson, vice chairman, 
presiding. 

Present: Senators Anderson, Jackson, Knowland, Dworshak; Rep- 
resentatives Holifield and Hosmer. 

Also present: James T. Ramey, executive director; George E. 
Brown, Jr., professional staff member, and Richard Smith. 

Senator Anperson. Dr. Ruark, will you come up, please. 

This is the sixth day of public hearings by the Research and De- 
velopment Subcommittee on the physical research program as it 
relates to the atomic energy field. 

This morning we are privileged to have with us scientists from 
several of the laboratories which are engaged in experimental work 
on controlled thermonuclear reactions. 

In previous years the committee has received briefings on project 
Sherwood in executive session, but this is the first time that this proj- 
ect will be discussed in public session. 

I think such a session is entirely appropriate at this time in view 
of the growing importance and public interest in the controlled ther- 
monuclear program. 

I understand that Dr. Ruark, Chief of the Sherwood Branch of 
the Atomic Energy Commission, will lead off this morning with some 
brief introductory remarks and we will then hear from laboratory 
scientists. 

Dr. Ruark, we are ready this morning for what I am sure will 
be an interesting session. You may proceed. 


STATEMENT OF DR. ARTHUR E. RUARK,' UNITED STATES ATOMIC 
ENERGY COMMISSION 


Dr. Ruarx. Mr. Chairman and gentlemen of the committee, the re- 
cent release of papers on controlled thermonuclear reactions, in both 
the United Kingdom and the United States, has led to great public 


1 Born November 9, 1899, Washington, D. C.; married, 4 children; education—B. A., 
1921, M. A. in physics, 1923, Ph. D. in physics, 1924, Johns Hopkins University ; expe- 
rience—Atomie Structure Section, Bureau of Standards, 1922-26; assistant professor of 
physics. Yale University, 1926—27 ; physicist for Gulf Oil Co., Mellon Institute, 1927-29 ; 
chief of physics division, Gulf Research Laboratory, 1930; professor of physics, University 
of North Carolina, 1930-34; head of physics department, University of North Carolina, 
1934-44; consultant, Naval Research Laboratory, 1944-46; head of research laboratory 
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interest. People are curious about the facts of nature which underlie 
these advances. 

The work on the pinched electrical discharge is only one of several 
lines of practical research which are being carried on in this country, 
by vigorous groups at Los Alamos, Oak Ridge, Princeton, and the 
University of California Radiation Laboratory. Of course, there are 
supporting unclassified contracts with the universities and with in- 
dustry. 

It Laatieie that the electrical and magnetic principles used by all 
these groups are the same, but the methods of using them and the 
actual machinery differ greatly from one laboratory to another. In 
fact, all the laboratories make use of strong magnetic fields for con- 
fining very hot gases. 

We can perhaps form some idea of the high temperatures provided 
by these methods if we think of a welder’s torch, which can cut through 
iron as though it were butter. It is very hard to form any physical 
idea whatever of a gas several thousand times hotter than that torch. 
Nevertheless, such gases are what we have, for the first time in the 
world’s history on this globe. 

I have to put the word “temperature” in quotations because there 
are grave difficulties of a scientific nature about the concept of tempera- 
ture, in the case of a gas carrying very strong currents, and definitely 
not in equilibrium like a gas in a hot furnace. 

In spite of recent advances much more energy on each and every 
molecule in the discharge is needed, in order to make controlled ther- 
monuclear power for us. 

I invite your attention first to a group of talks on the fundamentals 
of the subject by Dr. Post, Dr. Gottlieb, and Dr. Frieman. 

After that, we get into the story of what has been done with pinched 
discharges. The speakers on this subject will be Drs. Tuck, Colgate, 
Phillips and Boyer. These gentlemen are spokesmen for large num- 
bers of people who have been involved in carrying out the very diffi- 
cult experiments to bring us where we stand today. 

It is convenient to think of this research in terms of three successive 
goals: 

The fifst goal is to obtain a temperature so high that the nuclear 
power turned out by the gas exceeds the X-radiation and ultra-violet 
radiation which it pours out very strongly—very copiously indeed, so 
that the radiation loss is a major loss, tending to cool the gas. 

The second goal is to make a net power producer, a machine which 
will put out more power than one has to put in to make the thing 
run at all. 

The third goal is to make an economic machine, if one can, 

Neither the British nor ourselves have reached goal one. For the 
most favorable case, using equal parts of deuterium and tritium, we 
would have to get a “temperature” (again in quotation marks), about 
six times higher than we now have, in some of the cases to be con- 
sidered here. 


division, Applied Physics Laboratory of Johns Hopkins University, 1946-47; assistant 
director, Institute for Cooperative Research, 1947-49; research contract director, Institute 
for Cooperative Research, Johns Hopkins University, 1949-52; Temerson professor of 
physics, University of Alabama, 1953-56; chief, Controlled Thermonuclear Branch, Divi- 
sion of Research, U. 8. Atomic Energy Commission, 1957—; fields of specialization—atomic 
physics, physics of fundamental particles, wave mechanics, a production, inter- 
action of electrons with matter, thermodynamics, nuclear physics. 
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For deuterium alone we have to take another step up the scale of 
hotness, about 10 times higher up. 

The significance of the results in both countries, the main signifi- 
cance, is that we now have great hopes that this can be done. 

Senator Anperson. What was that statement a minute ago? You 
had to get something six times higher than what ? 

Dr. Ruarx. In order to make the nuclear power exceed the energy 
loss by radiation, which tends to cool the gas, we would have to go 
about six times higher in the temperature scale than the temperatures 
we have. That is the situation now if we use the most favorable mix- 
ture of gas in the tube, a mixture of deuterium and tritium. 

Senator Anperson. Is there any indication of what temperature 
we have now ¢ 

Dr. Ruarx. There are indications. It is a detailed matter that 
changes from one experiment to another. The figures given me are 
in the millions of degrees. I have to put the word “temperature” in 
quotation marks, a matter which will be explained later on. 

Senator Anperson. Is it classified ? 

Dr. Ruark. No, sir; there are scientific difficulties in discussing a 
gas which is not in equilibrium. 

Senator Anperson. There is also a difficulty understanding what 
six times means. Does it mean 20,000,000°, or 100,000,000° ¢ 

Dr. Ruark. It is just scientific slang, if I use the words “six times.” 

Senator ANpERsoN. Well, that is helpful to nonscientists. 

Dr. Ruarx. And it is helpful to the scientists, if I may say so, 
Senator. 

Now, about the business of a net power produce. ‘here is no 
complete proof that we can reach this net power producing machine 
and also there is no disproof, but a great many people in this field 
of work consider it very probable that we can reach it. If we did 
not think there is a reasonable chance of reaching the goal, we would 
not be doing this work. 

As to goal three, an economic machine, no prediction made now is 
worth anything. 

So we sively prefer to avoid estimates of the time necessary to 
reach a net power producer or an economic machine, and to talk mainly 
about what we have done; and more important, what we still have 
to do. There are rough tasks ahead. These magnetic bottles are 
interesting bottles. All of the Sherwood laboratories are making 
steady progress toward making them better and better, but these bot- 
tles are not perfect and as far as we can see they never will be. Some 
of the hot gas will always reach the material walls. There will be 
serious problems connected with better confinement of the gas. Fast 
neutrons will damage the materials in the machine just as they do in 
a fission reactor, but at least we will not have the problem of the 
fission products on our hands. 

Realizing these material problems, we have already called in the 
chemists, the engineers, asl the metallurgists. It may be that in 
2 or 3 years the physicists and the electrical engineers will recede in 
importance in this project, relative to the chemists, the engineers, and 
the metallurgists. 

Already some private capital has been attracted into this field. So 
the great American team of science, government, and industry is on 
the move again, to see what we can do. At least, the sun of hope 
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is shining and we are going ahead to see whether we can make these 
dreams come true; so now I leave the remainder of the job to the 
speakers of the day. Thank you. 

Senator Anprerson. There was a press release from the Atomic 
Energy Commission stating there would be a conference on controlled 
thermonuclear research, a joint US-UK conference on February 3 to 5, 
at the Naval Research Laboratory in Washington. Can you tell us 
anything that transpired or is it all classified ? 

Dr. Ruarx. No, sir; it certainly was not all classified. 

Senator AnpErson. What can you tell us about that ? 

Dr. Ruark. Well, just a story of general progress. Parts of it are 
classified. The conference, naturally, gave the most up-to-date re- 
sults on the pinch method which has now been declassified. There 
were other parts which are certainly classified under the new guide 
just issued a few days ago. We were waiting for a last small bit of 
concurrence from the British, which was necessary before the new 
guide could be promulgated and spread around. 

Senator Anperson. Are the British delaying on it? 

Dr. Ruarx. No, sir; just normal procedure. Just a question of 
time required for documents to pass from one side to another, and 
for discussion to go on. 

Senator Anperson. When did this work of declassification start, 
getting it ready ? 

Dr. Ruarx. That, I believe, was early June, the first contact on 
this matter with the British. 

Senator Anperson. All the work, then, of the American scientists 
has been finished and it is ready for the British to declassify it. 

Dr. Ruarg. We are in a position to undertake considerable amounts 
of declassification and it can be expected that this work will go for- 
word rapidly in the next few months in the hands of Dr. Marshall 
and his people. But these things take time. 

Senator Anperson. Can you give us an idea how much time it 
will take before it will be declassified ? 

Dr. Ruarx. It depends on the capabilities of a few men who do 
this, a few staff people. 

Senator Anprerson. One of the reasons I was interested is that in 

rowling around trying to find a little bit of history, I found that 
in June 1952, Dr. Johnson, then head of the Scientific Research Sec- 
tion, or something, of AEC 

Dr. Ruark. Yes, sir. 

Senator ANDERSON. —called a meeting out in Denver and there were 
98 scientists there and they voted 97 to 1 to weaken classification in 
the beginning. I talked to people who were there. They remember 
the incident quite well. I wonder if it has taken from 1952 until 
now to win over that one of the 98. I am wondering how long this 
will take. 

Do you remember the meeting in Denver ? 

Dr. Ruark. I happened not to be present at the meeting, but I 
am intimately familiar with its content. 

Senator AnpERSON. Do you remember what the vote was ? 

Dr. Ruarx. I do not know about this vote. 

Senator Anperson. Jim Beckerly was there. Was he not connected 
with AEC? Was he not the classification expert ? 
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Dr. Ruark. I don’t know what position he held at that time, Sen- 
ator. 

Senator Anprrson. He headed their classification section, did he 
not, at that time ? 

Dr. Ruark. I was not with the Commission at that time, and do 
not know. 

Senator ANperson. Several people who were there said the vote 
was 97 to 1. It isnot hard to guess the source of the one vote, I thought. 

Dr. Ruarx. A great deal of progress has been made. It is not 
clear under the law at the present time—and this is really not my 
part of the work, this declassification business—it is not clear that 
we ever have been able to declassify all parts. There are some things 
that are held classified for good reasons. 

Senator Anperson. What is the purpose of classification, to hold 
it from other nations that do not know as much as we do ? 

Dr. Ruark. No, sir; because of the terms of the law, because of 
possible military applic ations of advanced devices in this field, I 
should say, military applications in this sense, that if these devices 
are very successful they will throw out large numbers of neutrons. 
That certainly has a bearing upon our capabilities for making weap- 
ons materials. 

Senator Anperson. Do you have a legal opinion on that as to 
whether or not this field might have some military application being 
classifiable. 

Dr. Ruarx. Of course, all declassification papers are subject to the 
scrutiny of counsel and its concurrence, that is, all papers on 
Sherwood. 

Senator Anperson. Yes, but that is because the Commission de- 
cided that everything on Sherwood would stay classified, is it not? 

Dr. Ruark. It would bea question of going into the legislation and 
the legislative history. I am sure it is done very carefully. That 
is not my part of the work, Senator. 

Senator Anperson. Thank you, Mr. Ruark. 

At this point, I would like to insert in the record a statement on 
Classification of Controlled Thermonuclear Program, by Professor 
Livingston, of Massachusetts Institute of Technology. 

(The statement referred to follows :) 





STATEMENT ON CLASSIFICATION OF CONTROLLED THERMONUCLEAR PROGRAM 


(By Professor M. Stanley Livingston, department of physics, 
Massachusetts Institute of Technology) 


The recent announcement by the Atomic Energy Commission of the removal 
from classification of certain areas of the controlled thermonuclear program 
brings hope that this field of research and development can not attract a wider 
range of scientific support and can make more adequate progress. I regret that 
this action has been delayed so long, and fear that our country’s progress in this 
field has been significantly handicapped by the delay. 

The first handicap caused by classification has been to restrict activities in 
this field to the AEC laboratories concerned and a few other sponsored projects, 
thereby limiting the number of scientists engaged. The numbers within the 
AEC laboratories do not represent by any means all the scientists interested in 
working in this field; a considerable number of university research scientists 
have not been able to enter the field effectively. Furthermore, the quality of re- 
search within the classified activities has been criticized privately in my hearing 
several times. Now, criticisms of quality of research are based on judgment, 
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and the value of such judgments depends on the scientific competence of the 
critics. In my opinion, the critics concerned have a high scientific competence 
and a proper objectivity. 

One of the major points made in criticism of the AEC-supported activities is 
that the programs lean far too heavily on the invention and development of 
gadgets and are inadequate in basic-research experimentation and in the analysis 
of underlying phenomena, such as plasma physics, electrodynamics, and mag- 
netic-field theory. Large laboratory projects, of their own nature, tend toward 
emphasis on scale models, apparatus, and practical pieces of hardware. There- 
by, allocations for laboratory financing and budgets can be more easily justified 
through administrative channels. This natural tendency of large laboratories 
to emphasize apparatus development has been compounded within the AEC by 
the competitive urge between the several laboratories for support and funds. 
This emphasis, according to critics, has led to downgrading of the importance of 
basic research in the program. The tendency can be checked by strong-minded 
leadership in the laboratories, by strengthening the theoretical staff, and by 
maintaining larger uncommitted budgets for research studies which cannot be 
specified in advance. An even sounder technique would be to support a broad- 
based program of research in university laboratories in direct competition with 
the Government laboratory efforts. Such scientific competition in the basic- 
research areas would set quality standards for the laboratories. Obviously, this 
can only be accomplished with the complete removal of classification from these 
subjects. 

An even more serious handicap is the restriction of student training in the 
field. During the period of classification, a significant number of competent and 
interested university research professors have been unable to teach the basic 
facts of thermonuclear processes to their advanced students or to direct theses 
in the field. Without full access to what was in process within classified labora- 
tories, they were unable to assess the field adequately and to arouse enthusiasm 
in their students to concentrate in this field. So, the number of students special- 
izing in these fields has been reduced below the number indicated by the impor- 
tance of the field and the needs. It can be fairly stated that, due to classification, 
we have lost a generation (2 to 4 years) of young scientists in this field. Con- 
sequently, we are poorly prepared for the rapidly expanding international 
competition. 

In this connection, it is my position that the greatest security for our country 
in fields involving scientific and technical competence depends primarily on the 
thorough training of the maximum number of scientists and can be measured by 
the number of trained minds, of which the most important are the younger 
scientists. The corollary is that secrecy in scientific fields is, in almost all cases, 
a handicap and results in a decrease in our long-range security. 

A third handicap has been the lack of supporting funds for university and 
other groups outside the classification barrier to support their work and 
their student-training activities. 

Many advisers to the AEC recommended declassification as long ago as 3 and 
4 years. One year ago I found that a least 90 percent of all scientists suffi- 
ciently aware of the field to have an opinion were strongly in favor of declassi- 
fication, including many AEC scentists working in the field. Last April (1957) 
I spoke to a member of the Atomic Energy Commission about the question. He 
said that the field was in principle already declassified since there were no 
significant military implications and there had been no major breakthroughs, 
but that classification would be retained until just before the Atoms for Peace 
Conference in Geneva in 1958. I questioned him as to whether this was a 
proper use of the security system with its connotations of espionage and 
disloyalty. He replied that in his opinion it was proper to held papers within 
classification in order to achieve a strong propaganda impact with their re- 
lease at the Geneva meeting. I believe strongly that the Commission was 
wrong in using this as a justification for the retention of classification. 

There has been considerable concern expressed about the reasons motivating 
the retention of classification in this field. Many individuals involved, scien- 
tists and others, have a vested interest and would subconsciously prefer to be 
able to finish the job and get the credit themselves. Such motives can never be 
proven and would be heatedly denied, but the classification system offers far too 
tempting an opportunity for nepotism or selfishness. It is one of the major 
handicaps of a classification system that it invites misuse of this kind or to cover 
incompetence. 

To make my position clear: I am not opposed to classification of legitimate 
military and defense information or to a maximum security system during 
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wartime when everyone concerned would be within the classified areas. How- 
ever, the extension of classification to areas involving basic research of long- 
range significance can seriously reduce our rate of progress and our long-term 
security. 

In my opinion, confirmed by others such as Sir John Cockcroft, the problem 
of controlled thermonuclear power involves much basic research and will require 
5 to 10 years at least before it can be applied as a practical and economic system 
for producing power. Nevertheless, it is one of the most exciting and rewarding 
fields of science since its ultimate applications have such a great and valuable 
use for humanity. Many scientists would like to enter the field, if it were 
declassified and removed from military influence. One of my greatest fears at 
present is that the declassification now ordered will not go far enough, but will 
be retained over a sufficiently large area of “gadgets” in the national laboratories 
that the declassification will be ineffective. We must be extremely careful in 
seeing that reasons for retaining classification in some parts of project Sherwood 
are for legitimate military reasons and that classification is not used as a cover 
for local laboratory pride and prestige. It is also of major importance that all 
information pertinent to basic research be published and distributed widely 
and promptly. 

Another aspect of the delay in removing classification is in the relations to 
Russian science. When Kurchatov described the Russian experiments on plasma 
pinches at Harwell in April 1956 it was obviously a bid to have the field de- 
classified. We did not respond, so now the Russians have again classified this 
area (according to Dzelepov in Cambridge, Mass., December 24, 1957). The 
delay by the AEC in declassification has made future exchange in information 
in this field undesirably difficult. 

My own judgment is based upon 25 years of professional activity in the design 
and development of the cyclotron, the cosmotron, the AG synchrotron, and other 
particle accelerators. I have long noted a close parallel between the field of 
accelerators and the problems of designing the containing magnetic fields for 
plasmas and so have kept close watch on the field. Several of my graduate 
students have gone into project Sherwood, notably Dr. Keith Boyer of Los 
Alamos. In order to keep informed, I spent 2 weeks last summer in the Sher- 
wood group at Los Alamos. I am not a working member of Sherwood but I 
have clearance for Los Alamos, Oak Ridge, and Brookhaven. I am also ac- 
quainted through my accelerator experience with the problems and pitfalls of 
laboratory project research and the temptations to move too early into develop- 
ment of “gadgets.” For these reasons I feel that my opinions have some bearing 
on the problems of project Sherwood. 


Senator Anperson. The next speaker is Dr. Richard F. Post. Dr. 
Post is a project leader at the University of California Radiation 
Laboratory and is in charge of one of the major subgroups investigat- 
ing various approaches to the controlled thermonuclear problem. He 
will discuss with us this morning the problems of obtaining a con- 
trolled fusion reaction. 

Doctor, I want you to be comfortable. You do not have to stand if 
you do not wish to. 


STATEMENT OF DR. RICHARD F. POST,’ PHYSICIST, UNIVERSITY 
OF CALIFORNIA RADIATION LABORATORY, LIVERMORE, CALIF. 


Dr. Post. I am Richard F. Post. Iam a physicist at the University 
of California Radiation Laboratory, in Livermore, Calif. I am in 


1 Born: Pomona, Calif., November 14, 1918: married 1949; 3 children. 

Education: Bachelor of arts in physics and mathematics, Pomona, Calif., 1940; doctor 
of philosophy, physics, Stanford University, 1950. 

Professional experience: Instructor in physics, Pomona College, 1941; physicist, Naval 
Research Laboratory, Washington, D. C. (working on the problems of propagation of under- 
water sound, mine countermeasures, submarine sonar, 1942-45, particle accelerator, 1945—- 
46; research associate in physics, Stanford, 1947-52; project leader, University of Cali- 
fornia Radiation Seeaeneee controlled fusion research. In charge of one of the major 
subgroups investigating various approaches to the problem, 1952 to present. 


Societies : American Physical Society. 


Major fields of research: Electron physics; traveling wave electron linear accelerators; 
ultimate resolving time of scintillation counters. 
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charge of one of the experimental groups pursuing a somewhat 
different approach to the project Sherwood problem. 

I would like to amplify a little on what Dr. Ruark has said and 
give you what might be called a thumbnail sketch of the problems in 
the research effort in Sherwood and how we try to attack them. 

The reason for doing this, as you will see, is that the various re- 
search efforts we are making are entirely conditioned by the physical 
conditions we have to reach. This being the case, it is very important 
to be aware of what we now do understand about the physical condi- 
tions that have to be reached in this research. 

If I may just spend a minute on a brief review of the problem and 
the general approach to the problem that we have settled on, appar- 
ently the only approach that we know of that could be successful. 
Very briefly one has to add energy to that is to heat a mixture of 
deuterium and tritium or of deuterium gas itself above an ignition 
point. For deuterium this is about 400,000,000° temperature or for a 
deuterium and tritium mixture, about 40,000,000°. We must then con- 
fine this hot gas, and cause it to burn just as one would burn the fuel gas 
in any furnace, and then to recover the energy from it by some process 
that we can devise. 

I think at the beginning I had better go a little further into what 
is meant by “a gas of 400,000,000° C.” because this really bears on 
the central core of the problem. 

Now when a physicist talks about a gas at such temperatures he is 
really talking about a thing called kinetic temperature. 

It is important to note the difference between this kind of tempera- 
ture and something you are more familiar with. The usual ideas of 
temperature that you are familiar with are associated with the tem- 
perature of, for example, the filaments in the light bulbs in this room, 
where one sees that a hot filament emits a great deal of light and 
radiation and you say, therefore, it is at a very high temperature. 

But a gas is not like a solid material, it is transparent, so it can 
have a very high kinetic temperature and still have a low radiation 
temperature. 

By “kinetic temperature” we mean a statement that each of the 
particles of the gas on the average has a well-defined average energy 
of motion or kinetic energy. 

After all, when you think about it this is what we really want in 
order to get a fusion reaction. We want to achieve a kinetic temper- 
ature that is sufficiently high that the particles of the hot gas can 
collide with each other sufficiently violently to fuse by a nuclear 
reaction. We are not at all concerned, in a sense, with what the 
radiation temperature is except that it must not be too high. 

Now one of the things that happens to any material, any matter, 
gases or anything else you want to consider, when it gets very hot in 
the kinetic sense, is that it becomes totally ionized. Simply stated, 
all that this means is that the electrons from the atoms become 
stripped from the atoms so that the nuclei—say “deuterons” in the case 
of deuterium—and the electrons will move freely back and forth in- 
side this gas. They will still be in the same vicinity, but would freely 
move and not be bound to each other as they are in atoms. It is the 
fact that the matter becomes ionized that gives us a clue to how to 
attack the problem. 
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The need for high kinetic temperatures as I have already stated, is 
really to overcome the electrostatic repulsion of the nuclei, all "of 
which are charged the same—positively—so they can get very close 
together with each other, have violent collisions, and fuse. 

There is now one very important consequence. Immediately we 
have said we have to have a high kinetic temperature to cause fusion. 
If we take a gas of ordinary density, say the density of the gas in this 
room, and raise it to the required enormous kinetic temperatures, it 
becomes apparent that it will exert an enormous pressure, almost in- 
conceivably large, millions and millions of pounds per square inch. 
From this it follows that if we are to achieve controlled fusion re- 
action, with the accent on the controlled, by any process, we will have 
to reduce the density of the gas. This is because the pressure of gas 
not only depends on its temperature, but on its density. The lower 
the density, the lower the pressure. 

One can soon see that because of purely practical limitations it will 
be necessary to reduce this density to as small a value as one ten-thou- 
sandth- or one hundred-thousandth of atmospheric density. That is 
one ten-millionth to one hundred-millionth of the density of solid 
matter. 

This is in order to keep the pressure within bounds. This one 
fact, which is generally accepted now, has many consequences in our 
research program. One of them is that whenever we deal with plas- 
mas at these densities we are really dealing with a tiny quantity of 
matter. If you have a railroad tank car full of a plasma at these 
densities it would only contain an amount of condensed matter equal 
to a small pea. 

A second, and the most important consequence to us in our re- 
search effort, is that as soon as one deals with a very hot gas of very 
low density, a particle of that gas must go a very long distance indeed 
before it has a chance of reacting with another. That is, the path it 
must fly in order to find a chance to react with another deuteron is 
measured in thousands of miles. This is essentially the crux of our 
problem, 

Another way of stating it is that this hot gas has to be held together 
in space for fractions of a second to a second, to ever hope to get back 
more energy from it from reactions than one puts in to heat it. 

Now you all know that the general approach that has been sug- 
gested, the one in which all of us are working, is to use strong mag- 
netic fields. 

After all, one realizes that if this gas is to be at a low pressure it 
must have a chamber around it to keep out the atmosphere. Thus, we 

can think of using a strong magnetic field as a kind of insulating 
liner to this chamber to keep the plasma from touching the walls. 

Theoretically we now believe that if the plasma is quiescent and be- 
haves itself, a strong magnetic field will be adequate to solve this 
prodigious problem I “have ‘posed. 

If it is quiescent the hotter the gas gets, the theory indicates, the bet- 
ter the confinement will be by the magnetic field; that is, the longer it 
pie ga for it to leak across the magnetic field if it is quiescent and 
stable 

Now one thing to keep also in mind is that in this business the con- 
trol of the losses from the system are critically important for the final 
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goal. One must keep these losses toa minimum. I have already men- 
tioned that one way of keeping losses of energy to the walls from the 
plasma is by using a strong magnetic field. This is only part of the 
battle. 

One of the unavoidable losses we have and must live with is the radia- 
tion of X-rays from the plasma, a very well understood and accurately 
calculable phenomenon. It occurs because the electrons of the plasma 
collide with the deuterons and emit X-rays in the collisions. 

If we calculate the rate of emission of X-rays in a perfectly pure 
plasma, this is what sets the ignition temperature I refer to. 

Below the ignition temperature there is more radiation than nuclear 
power. Above it, more nuclear power than radiation. 

If you look at the figures on how much more energy we can hope 
to get than the amount radiated in these X-rays, it is not a great deal. 
It does not leave too much to spare. This means that we will have 
to, eventually, be very careful and not to allow additional losses to 
occur which would upset the balance. 

Let me now mention the problem which I have spent a little time on, 
and which is really something that can give us trouble in the early 
phases of our research when we are working at what I might call 
“low” temperatures, low in the sense of not many millions of degrees, 
but, perhaps, hundreds of thousands or a few million degrees. 

This is the question of impurities and their effect. Impurities can 
come into a dilute plasma very easily from the walls of a system. You 
want to remember if we have a tiny amount of gas in the chamber that 
an even tinier amount of impurities can poison it. About 1 micro- 
gram, one-millionth of a gram, of an impurity such as silicon (that 
might come from glass walls) could poison an experiment at the densi- 
ties of the plasma we have been talking about in a volume of, perhaps, 
a liter. This isa very small quantity of matter. 

I would like to then show you the result of the calculations. 


TABLE I.—Plasma radiation losses 


(Deuterium plasma: Volume=1 liter; density =1/10,000 atmospheric] 
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360 | 900 kilowatts. 


Dr. Post. What I am giving here are the plasma radiation loss 
rates. 

For this particular case, I have chosen deuterium plasma. Volume, 
1 liter; density of one ten-thousandth atmospheric. 

I have indicated kinetic temperature here. And, now, the radia- 
tion losses that one would expect if we had absolutely pure deuterium. 
If we had pure deuterium, these are the calculations on the losses. 
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Now, see what the addition of 1 percent of silicon does to this sys- 
tem? One percent in 100,000° vail emit a radiation of 15,000 kilo- 
watts from that 1 liter. This is about 10,000 times the radiation from 
the pure plasma. 

By the time 1,000,000° is reached the radiation drops. It drops 
still further at 10,000,000°, still further at 100,000,000°, and then 
slowly begins to rise. 

The reason for the dropping is that, as we go to higher tempera- 
tures, all the electrons from the silicon finally become stripped, so 
that it no longer gives excess radiation. As long as an atom has a 
few electrons left on it, it gives much more radiation. 

In the right-hand column is a nuclear-energy rate that would be 
associated with these temperatures. One can see by looking at this 
column that with a pure plasma at a high enough temperature one 
has a chance to get a power balance. The minimum radiation is 
decidedly less than the number for the power. And even with 1 per- 
cent of silicon the loss is still somewhat less than the power. 

As we climb up the scale we see how much better the situation is. 
In a sense, “nothing succeds like success” applies to the battle against 
impurity radiation. The impurity effects represent a kind of a radia- 
tion barrier that one will have to overcome, especially if one is not 
careful about impurities. 

The equivalent radiation temperature for the case of 100,000° and 
1 percent impurity, for example, is about 8,500° Kelvin. It drops, 
for example, in the case of pure deuterium at the same temperature 
where it is only 900° equivalent radiation temperature, rising only 
to 3,000° at 100,000,000° kinetic temperature. 

Well, you can see here in the last column of table I something of the 
sensitivity of the nuclear power to temperature. I would like to 
amplify that a little because it is another point of importance to us. 

Here is, again, a tabulation of temperature, 100,000° to 100,000,- 
000°. Presented are calculations which we can do with consider- 
able certainty on the rate of fusion reaction that would occur under 
these various conditions. 


TABLE II.—Thermonuclear reaction rates 


[Deuterium plasma: Volume=1 liter; density =1/10,000 atmospheric] 


Kinetic temperature Thermonuclear reaction rate Fraction of 10 kev deuterons to 


simulate same temperature 
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.| 1 reaction per 50,000,000,000 years__-_. 


1,000,000° C__..____._________] 200 per second..._____- _..-.------| 1 part in 100,000,000.000. 
10,000,000° C__.........-...-.] 2,500,000,000,000 per second. ___......-- 1 percent. 
WRIT Cincwtndacatasees 1,000,000,000,000,000 per second - --.__-- 100 percent plus. 





Dr. Post. At 100,000° we would have to wait 50 billion years to 
see even 1 reaction. At 1,000,000°, it gets a little more respectable; 
200 per second. At 10,000,000°, 2,500 billion per second, and at 
100,000,000°, a very large number of reactions per second. 

So you see again the enormous temperature dependence of the re- 
action rate. 


Senator Anperson. Are those degrees centigrade over there ? 
Dr. Post. Yes. 
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Senator Anprerson. For our benefit, would you put that last in 
Fahrenheit ? 

Dr. Post. 1.8 times this, 180,000°; 1.8 million, 18 million, 180 
million. 

The last column tells what it has to do with our experimental work. 
Suppose we believe we were at 1,000,000° C., having detected a very 
small, barely measurable number of neutrons. Then we ask our- 
selves the searching question. Suppose, instead of this being the real 
answer, that we had instead plasma at a somewhat lower temperature, 
but somehow by some obscure process there was an acceleration mech- 
anism that went on in the plasma that affected only a tiny part of it 
and accelerated those particles to an abnormally high energy, say 10 
kilowatts (which is roughly equivalent with the particle energy associ- 
ated with 100,000,000°). In such a case only one 100 millionth of the 
particles accelerated in this way in the plasma could simulate the same 
reaction rate as the entire plasma at 1,000,000°. 

As one climbs up the temperature scale, 10,000,000° takes 1 percent 
of the particles to simulate the reaction rate. As one climbs to 
100,000,000°, you could not simulate it at all. In other words, the am- 
biguity in our determination of temperature and thus in our determi- 
nation of what is actually going on becomes less the higher in 
temperature we go. So you can see that at the low temperatures one 
must be exceedingly cautious in thinking about what is goingon. This 
may point out some of the problems that we have in the field that is 
called plasma diagnostics. 

Mr. Ramey. Through atomic-energy research and development 
there is always the problem of impurities, that you always have to 
get very pure materials and so on. Do you think your problems 
here are more difficult than alternate solutions on avoiding the im- 
purity problem ? 

Dr. Posr. I think they are difficult. I think saying “more” or 
“less” is a little conditioned by the particular approach you are talking 
about. Some of the approaches are more subject to impurity prob- 
lems than others. I think it will be a matter of selection between 
the approaches that may be involved. You may discard some of 
the approaches on the basis they cannot solve the impurity problem 
and emphasize others because you think they can. I certainly do not 
put it in the unsolvable category. It is at the low temperatures in 
the research stage that things really get diflicult, more so than at 
higher temperatures. 

I have mentioned the plasma diagnostic problem, which is very 
difficult. It is quite apparent that the size of the apparatus is of 
importance to us, too; that is, it is important if we try to get a very 
long time of confinement, which I would like to emphasize 1s of equal 
importance to temperature. These two form a duality, you cannot do 
one without the other. You must have temperature and long time. 
This requires inevitably going to larger and larger sizes of equip- 
ment. A simple way of stating this is that how long the plasma 
stays confined is simply related to how far it can go before it is lost 
to the walls. 

I think this is perhaps where I should close, except for a summary, 
and say that after several years of effort, what we can do now is to 
define the required physical conditions for a controlled fusion reaction 
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with considerable precision. We have already formulated some very 
promising methods, several of them, for approaching these conditions. 

Right now we are in the business of what I would call charting a 
course through a brandnew area of science, seeing where our problems 
arise and where the difficulties arise. It is really a challenge to the 
scientific method, if you look at some of the things we are trying to do. 

I think that someday success will surely be achieved. One should 
also not underestimate the unsuspected applications of these bits of 
understanding we get. Economic power is a while off, after a lot of 
long very hard work. 

Thank you. 

Senator Anperson. Thank you, Doctor Post. We know you have 
done some very fine work. You have written some excellent articles 
in the Scientific American. We appreciate it. 

Dr. Posr. Thank you, sir. 

Senator Anperson. You say we need larger equipment. Do you 
believe we have reached the stage where a substantial scaling up of our 
size of experimental devices is desirable ? 

Dr. Posr. I think we may be approaching it in some of the pro- 
grams. There is a certain amount one can do with a smaller size, to 
see how big you should go. At every point one is both anxious to go 
to larger equipment to see how much better you can do, and also 
reticent because you feel you do not understand all of the facets of 
the present experiments. 

I would say we are approaching the stage where one will have to 
be bold in the same sense that the people in the high-energy accelerator 
business had to be bold when they wanted to do some research at high 
energies. 

Senator Anperson. I was just reading an item yesterday about 
fusion. It seemed to me that I heard from a great many people, that 
the British took a jump into a little larger problem than science 
justified, and boldly, and they came out with interesting results. 

Dr. Post. They did. 

Senator AnpERSON. Maybe we can take a larger jump than science 
thus far would indicate. “Are there not certain technical advantages 
to be gained from experimenting with larger devices ? 

Dr. Posr. Yes, there are many. 

Senator Anperson. Has the success which the British seemingly 
have had with ZETA influenced American scientific thinking, which 
is desirable to scale up a little more rapidly ? 

Dr. Post. I think it has, yes, sir. 

Senator Anprrson. You state that the basic laws governing the 
behavior of hot high plasmas contained by magnetic field will only be 
firmly established by the work of many scientists. Do you believe it 
will be desirable to open up the field to a broader segment of American 
scientific and industrial field ? 

Dr. Posr. Yes,sir,I do. I think that is coming about. 

Senator Anprerson. May I just take a chance to commend you for 
some very fine work that I know you have been doing. 

Dr. Post. Thank you. 


Senator Annerson. At this point we will insert your full statement 
in the record. 
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(The statement referred to follows :) 


PROBLEMS OF OBTAINING THERMONUCLEAR TEMPERATURES 


(By Richard F. Post, University of California Radiation Laboratory, Livermore, 
Calif.) 


One way to judge the present progress or predict the future course of research 
toward controlled fusion power is to examine the “anatomy” of the problem 
itself. That is to say, such research efforts will inevitably be shaped by the 
physical conditions which must be achieved in order to produce a self-sustaining 
thermonuclear reaction. These conditions can be defined with considerable as- 
surance. Whether they can ever be reached is yet to be shown. 

It is now generally recognized that the problems of attaining a controlled fusion 
reaction are entirely different in nature and complexity from those of attaining 
an uncontrolled one. To “burn” a nuclear fusion fuel such as deuterium (heavy 
hydrogen) and recover useful energy from its burning is analogous to the problem 
of burning any fuel—you need to heat it to its ignition point within the walls of 
a furnace, extract the heat energy released and use this energy to generate useful 
power. The trouble is, with nuclear fusion fuels the ignition temperatures are 
rather high—many millions of degrees. For deuterium gas this temperature 
in about 400,000,000° C. and for a 50-50 deuterium-tritium mixture about 40,- 
000,000° . 

Perhaps it might be well at the onset to explain what a physicist means by “a 
gas at a temperature of 400,000,000°.” He really means a gas so hot that all 
the particles of the gas dash about with very great speed and energy—in fact, with 
energies of motion that average a million times the energy of motion of the 
particles of the same gas if it were at a temperature of 400°. This kind of a 
temperature, called kinetic temperature, does not correspond with our usual 
idea of high temperature—say, for example, the “temperature” of the filament 
of an ordinary light bulb. Temperature of this latter kind is called radiation 
temperature and a high radiation temperature is always associated with the 
emission of large amounts of light and heat. Being invisible, it is possible for 
a gas to have a high kinetic temperature and still be characterized by a low 
radiation temperature. 

When a gas such as deuterium is raised to a high kinetic temperature several 
things happen to it. First, if it is heated to about 5,000° C., the double molecules 
of the gas, through colliding with each other with greater violence, will become 
broken into individual atoms. If now this gas of deuterium atoms is still further 
heated—to about 50,000° kinetic temperature—the deuterium atoms will be 
colliding with each other so violently that the bonds of electrical attraction be- 
tween the deuterium nuclei and their circling electrons will be broken. The 
gas of atoms will become instead a gas of freed deuterium nuclei (deuterons) 
and electrons. This kind of “totally ionized” gas, composed of equal numbers 
of free positively and negatively charged particles, is called a plasma and is the 
only state in which matter can exist at very high kinetic temperatures. 

Now nuclear fusion reactions between deuterons can only occur when they are 
able to approach very close to each other. But deuterons, being positively 
charged, will repel each other strongly when they begin to approach. This is 
why high kinetic temperatures are needed—so that the random energy of motion 
of the deuterons will be high enough for them to collide and fuse. 

As the kinetic temperature of any gas is increased, the pressure which it 
exerts will rise in direct proportion to the temperature. If a gas at ordinary 
atmospheric densities were to be heated to thermonuclear temperatures, it would 
exert a pressure of many millions of pounds per square inch—much too large 
to be maintained in any controlled way. But the pressure exerted by a gas 
depends also on its density, being the less, the lower the density. Therefore, 
to keep the pressure of a thermonuclear plasma within manageable limits, the 
plasma density must be very low—one ten-thousandth to one hundred-thousandth 
of atmospheric densities. This is practically a vacuum. 

From this one fact follow many consequences. For example, at these gas 
densities the amount of matter represented by such a thip gas will be very small. 
A railway tank car full of such a plasma, if condensed, would only represent a 
quantity of matter about equal in volume to a small pea. 

Of greater importance is the fact that at low densities any given deuteron 
must travel a great distance before it is likely to collide and fuse with another. 
Even under the most favorable circumstances this distance will be measured in 
thousands of miles. 
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This fact is, of course, the crux of the problem. It is the reason why that 
in order to create a substantial thermonuclear reaction, the plasma must be con- 
fined by an electromagnetic field—which will curve the paths of the particles 
back on themselves so that they will not collide with the walls, but instead will 
be able to roam back and forth through the confinement volume thousands of 
times, until they (the deuterons) can collide and fuse with each other. This 
implies that in order to make the reaction self-sustaining a confinement time of 
at least tenths of seconds to perhaps several seconds must be achieved. Of 
course, for purposes of studying and understanding the complex phenomena 
within high temperature magnetically confined plasmas much shorter times can 
be tolerated, but the eventual goal is clear. 

One might think of the confining magnetic field as an insulating blanket lying 
between the plasma and the material walls of the reaction chamber (which must 
be present to keep out the atmosphere). In these terms the magnetic field must 
be indeed effective as compared with ordinary heat insulators, in order to keep 
the loss of energy caused by escaping particles to a tolerable level. Fortunately, 
theory indicates that when confining a quiescent plasma, a strong magnetic field 
should pass this test with flying colors. But the problem of keeping the plasma 
quiescent so that it will not, in a manner of speaking, “burble through the con- 
fining magnetic field lines” is not an easy one. If the plasma is stable, however, 
theory indicates that the hotter it is, the longer it can be confined. Thus, this, 
aS well as some of the other difficulties encountered on the climb up toward 
thermonuclear temperatures, will become less irksome as soon as higher tempera- 
tures are reached. 

The question of losses of energy is of paramount importance to the hopes for 
achieving a self-sustaining reaction. We have seen that it is theoretically pos- 
sible for a strong magnetic field adequately to insulate a hot plasma from con- 
tact with material walls. But there is another form of energy loss about which 
we can do nothing. 

This energy loss mechanism is the escape of radiation, in the form of X-rays, 
emitted by the plasma because of collisions between the electrons and deuterons. 
Well-established calculations show that the thermonuclear energy generated in a 
pure deuterium plasma can only exceed the energy loss by radiation of X-rays 
from the plasma if the kinetic temperature exceeds a critical value (the ignition 
temperature alluded to earlier). However, even at temperatures substantially 
above ignition temperatures, the thermonuclear yield will not surpass the X-ray 
radiation losses by a large margin. This means that when we eventually try 
to produce a self-sustaining reaction, care will have to be taken not to allow 
the inevitable additional losses to be too large. 

One situation which could lead to losses greatly in excess of the X-ray loss 
just described arises if the plasma contains impurities. The presence of even 
small quantities of atoms of elements with atomic numbers substantially higher 
than atomic No. 1 (hydrogen) can greatly increase the emission of radiation. 
Paradoxically, the radiation from such impurities is much more intense at 
temperatures on the lower fringe of thermonuclear temperatures than it will 
be at higher temperatures. This is because at the lower temperatures the im- 
purity atoms will not be completely stripped of all their electrons. As long as 
there are any electrons still bound to an atomic nucleus, these electrons can 
be excited and radiate energy (by the usual quantum processes) at a rate greatly 
in excess of the X-radiation rate of the free electrons in the plasma. However, 
even when completely stripped, impurity atoms of high atomic number can cause 
the X-radiation rate to be much higher than that from deuterium alone. Thus, 
even if temperatures above the ignition point for pure deuterium are reached, 
the reaction cannot sustain itself if the impurity content is not kept very low. 

But the present impact of radiation losses on our experimental studies occurs 
at the “low” temperature end of the scale, for, as noted, it is at these tempera- 
tures that the radiation rates from even small quantities of impurities can be 
enormous. If impurities are not controlled, this represents a sort of “radiation 
barrier” that must be surmounted in order to climb to true thermonuclear 
temperatures. It is likely that many unsuccessful experiments have foundered 
on the rocks of this particular circumstance. The usual source of such impuri- 
ties is the wall of the experimental chamber itself. A liter of deuterium plasma 
at a density of one-ten-thousandth of atmospheric could be quite seriously poi- 
soned by as little as 1 microgram of an impurity such as oxygen or silicon, and 
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an even smaller quantity of impurities of higher atomic number, such as copper 
or iron. This emphasizes the importance of high vacuum technology in high 
temperature plasma research. 

Table I (p. 404) illustrates the radiation effects which have been discussed. It 
shows, in approximate figures, the calculated radiation rates from a pure 
deuterium plasma, and for comparison, one containing a 1 percent concentration 
of silicon (a typical impurity atom). It can be seen that the impurity radiation 
rates at “low” temperatures are enormous, but that they rapidly drop as the 
temperature is increased. In this case it is easy to see that “nothing succeeds like 
success.” 

For comparison, the nuclear energy release rates at various values of the 
temperature are also shown. The need for very high temperatures to achieve 
a net power balance is evident. With the deuterium-tritium reaction, however, 
somewhat lower temperatures are adequate. This is because of the greater 
energy release rates of this reaction. 

It has earlier been mentioned that because of the mutual electrostatic repul- 
sion of the nuclei, the rate of thermonuclear reactions is extremely sensitive to 
temperature at the lower values. This, coupled with the radiation problems 
just mentioned, poses some very difficult experimental and measurement prob- 
lems on the first step up the ladder to thermonuclear temperatures. Column 2 
of table II (p. 405) illustrates this extreme dependence on temperature. Column 
3 illustrates another knotty problem for the experimenter when he first begins 
to approach thermonuclear temperatures. As shown, if the supposed tempera- 
ture reached is such that only a tiny number of reactions would be pro- 
duced, then it is possible that this same rate of reactions could be produced by 
a very much smaller number of deuterons somehow accelerated to an abnormully 
high energy but colliding with a “cold” plasma. Such a situation could simulate 
a true thermonuclear reaction. This problem rapidly vanishes, however, as the 
actual temperature is increased, so that at temperatures which are not too far 
below the final goal, there is little room for ambiguity. 

In the light of the problems mentioned, it is little wonder that the need is 
great for performing very carefully conceived measurements to determine the 
state of the plasma at every stage of an experiment. Measurements on the 
properties of magnetically confined hot plasmas are sometimes unbelievably 
difficult, but bitter experience has shown that in this field real progress is 
made only on a foundation of careful physical measurements. 

Another facet of the experimental studies of high temperature plasmas is 
the question of size of the equipment. In addition to the problem of reaching 
thermonuclear temperatures, it is apparent that the problem of achieving long 
containment times is of equal importance. The lifetime of a plasma particle 
before it finally penetrates the confining magnetic field and dies by striking 
the wall is clearly dependent on how far it must go in order to reach the 
wall. This simple fact, expressed in more precise form, shows that long 
confinement times require relatively large “magnetic bottles.’ Also, looking 
to the future, it is clear that even larger “bottles” will be required to ap- 
proach the conditions for a self-sustaining reaction, even if the plasma _ be- 
havior follows the present theoretical predictions for the behavior of a 
quiescent plasma exactly. This is because a part of the fusion power gener- 
ated will always have to be recycled in order to maintain the confining field 
and to supply auxiliaries. Thus the larger the volume of the reacting plasma 
the greater the thermonuclear power output will be and the more readily can 
a net power balance be obtained. 

To complete the characterization of research work toward controlled 
fusion the present problems of creating the confining magnetic bottle should 
be mentioned. Very strong magnetic fields are required to confine a high 
temperature plasma. These must be generated either by sending huge pulses 
of current through the plasma (as in the pinch effect) or by the use of large 
and powerful external electrical systems to generate the confining fields. 
These requirements have posed difficult technical problems and in some cases 
have resulted in the development of a whole new technology. 

In final summary, then, over the recent years of research on controlled 
thermonuclear reactions, physicists have been able to define the physical condi- 
tions, to formulate promising methods for approaching these conditions, and are 
now in the difficult business of charting a course through a new and fascinating 
area of science. Patient effort will some day almost surely be rewarded with 
success, not only in obtaining power from fusion, but in unsuspected applica- 
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tions of this new knowledge. Economic power from fusion will in all likelihood 

some day be achieved, but only as a result of hard and patient work. 
Senator Anprrson. The next speaker this morning is Dr. Gottlieb. 

Dr. Gottlieb is connected with the research effort at Princeton Uni- 


versity. He will discuss the problem encountered in confinement of 
plasma by magnetic fields. 


STATEMENT OF DR. MELVIN B. GOTTLIEB,’ ASSOCIATE DIRECTOR, 
PROJECT MATTERHORN, PRINCETON UNIVERSITY 


Dr. Gorriies. You have seen that for a controlled thermonuclear 
reactor it is essential that the hot particles be prevented from hitting 
the container walls. This talk will be primarily concerned with con- 
finement of a plasma by magnetic fields—for which Edward Teller 
has coined the very appropri: ate phrase “magnetic bottle.” I will de- 
scribe how it works with respect to individual particles and describe 
simple experiments which verify these ideas. Then I will discuss 
some of the leaks which we know must exist in this bottle. These 
particular leaks are ones that we understand theoretically and are not 
prohibitive from the standpoint of a practical reactor. It is very 
definitely possible that additional leaks exist which may vary in dif- 
ferent devices. The essential problem in this field is to measure and 
then find theoretical and practical plugs for these additional leaks 
where and if they do appear. I want to emphasize this as the very 
essence of the problem insofar as the thermonuclear reactor is con- 
cerned. Achieving a high temperature in itself is not a solution un- 
less we can keep all this hot gas from simply leaking out to the walls, 
thereby losing more energy than is produced in the system. 

Senator Anperson. I notice that there was a press release that 
leaked out the other day, so I think we have the same problem you 
have, only in a different form. 

Dr. Gorrires. Yes, indeed. Our classification is one plug for this 
type of leak, I suppose. 

Some of the experimental problems we have encountered in these 
measurements will be described. 

Let me describe first how an individual charged particle moves 
in a magnetic field. (Chart 1.) A particle initially moving perpen- 
dicular to the direction of the magnetic field executes a simple circle, 
the radius of which is given by the relationship where m, v, and q 


1 Born: Chicago, IM., 1917; married Golda Gehrman ; two children. 

Education: Bachelor of science, University of Chicago, 1940; doctor of philosophy, Uni- 
versity of Chicago, 1950. 

Professional experience: During World War II worked at Harvard University and over- 
seas on radar jamming; assistant professor of physics, State University of Iowa, Iowa City, 
Iowa, 1950; research associate, Princeton University, 1955—present. 

Societies : American Physical Society, Phi Beta Kappa, Sigma Xi. 


Publications: Articles pertaining to cosmic ray experiments conducted near the North 
Geomagnetic Pole. 
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CHARGED PARTICLE IN MAGNETIC FIELD 


LOW FIELD HIGH FIELD 





MOVING PERPENDICULAR TO FIELD 





MOVING WITH SOME LONGITUDINAL VELOCITY 


CHART 1. 
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are the mass velocity and charge of the particle and B is the magnetic 
field intensity. Note that the larger the particle velocity, the larger 
the circle; while the greater the magnetic field intensity, the smaller 
the circle. 

Now suppose that while moving about in this circular orbit per- 
pendicular to the magnetic field direction, the charged particle is 
given an additional motion parallel to the magnetic field. This part 
of the motion is unaffected by the field so that the total motion now 
consists of a spiral about the magnetic field. If the magnetic field 
intensity is sufficiently large the spiral may be sufficiently tight that 
we can consider the particle as fastened to the magnetic field lines. 
For example, a deuterium ion of sufficient energy to undergo a fusion 
reaction would travel in a circle about a mile in diameter in the mag- 
netic field of the earth; whereas in a laboratory device this orbit might 
well be reduced to a fraction of an inch. 

Now, how can one get these laboratory magnetic fields? A long 
wire carrying an electric current gives rise to magnetic fields in the 
form of circles about the wire. If the wire is now bent into a helix 
or coil, the resulting magnetic field threads through the coil. 

In the case of the so-called pinch confinement, the long straight 
wire is replaced by deuterium gas which by the application of a high 
voltage is caused to conduct a current (chart 2). This current gives 
rise to the confining magnetic field surrounding the current. The 
particles then execute spirals around these field lines. In the case 
of devices using externally produced fields, such as the devices we 
use at Princeton, the current carrying wire is bent into a helix or 
coil. This produces a magnetic field which threads through the coil. 
The charged plasma particles execute spiral orbits around the field 
lines inside the coil. 
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MAGNETIC FIELDS PRODUCED BY 
CURRENT 





“PINCH GEOMETRY 





7 


EXTERNAL FIELD 


CHART 2. 


Now, of course, according to our picture, the particles are con- 
strained to regions close to the magnetic field lines but can move 
freely along these lines. In order to prevent them from striking a 
wall at the end of these lines, we might simply bend either of these 
systems into a doughnut or torus. 

This containment idea can easily be shown to work at low pressures. 
We have been able to show that under some conditions particles are 
held in a torus with an external magnetic field for hundreds of thou- 
sands of cycles. 

As the plasma pressure is increased, the situation steadily grows 
more complex. It can easily be demonstrated that the plasma is 
diamagnetic. That is, if one somehow inserts a plasma into a region 
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where a magnetic field exists, this field is decreased by the plasma. 
In simple geometries this may be described by the equation 





2 


pt g, constant, 
T 

where p is the gas pressure (proportional to the particle density and 
the temperature). Thus the magnetic field exerts a compressional 
force against the plasma which is seeking to expand. 

Now what about these leaks. I am going to describe three ways 
in which the particles can depart from this simple spiralling about 
the field. First, there is the drift due to particle collisions (chart 3). 
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After spiraling about a given center for some time, a particle may 
collide with another. It bounces off and now executes a new orbit, the 
center of which has been displaced in a random direction from the orig- 
inal center of gyration and by an amount roughly equal to the size of 
the orbit. Many successive collisions make the orbit wander around the 
region and eventually, in a time that depends on the number of col- 
lisions per second and on the size of the orbit, will reach the wall. 
Fortunately, the faster the particles move, the more infrequently they 
collide and therefore the slower the motion to the walls. 

There is a second type of drift across the field (chart 4). Suppose, 
for example, that some external force perpendicular to the magnetic 
field is applied. This force might be an electric field or might be that 
simply due to gravity. The particle as it moves in the direction of 
the applied force, speeds up, thus the radius of curvature of the particle 
path increases. Eventually, however, as the path curls around, the 
particle finds itself moving against the applied force and is thus 
slowed down. Now it moves in a tighter circle. It turns out that 
there is a resultant particle motion at right angles to both the magnetic 
field and the external force. - 
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If there is a variation in the magnetic field, a third and similar 
drift results due to the variation in radius of curvature of the particle 
path. 

These are all drifts due essentially to single particles or interactions 
between single particles. One can calculate the result of these leaks 
and it turns out that they are not prohibitively large. There is an- 
other class of motions due to collective or cooperative effects whereby 
iarge chunks of the plasma may move to the walls. These can be quite 
disastrous from a practical standpoint, and are perhaps the principal 
problem in thermonuclear research. The next speaker, Dr. Frieman, 
will discuss some of these effects. 

One would like to set up simple experiments whereby this diffusion 
or drift might be measured. A great deal of effort has gone into such 
measurements, but they are by no means adequate or complete due to 
the complications which make experimental work so extremely diffi- 
cult and challenging in this field. Just to cite a few of these 
difficulties : 

If the plasma container is very meticulously cleaned before assembly 
and then a high temperature plasma of pure deuterium is somehow 
established in the tube, after a very small fraction of time, impurities 
are knocked off the wall in such large numbers that they outnumber 
the original deuterium ions. Thus the results of the measurements 
depend more on what happens at the walls than they do on magnetic 
confinement. It has been found necessary to devote a very consider- 
able effort to means of improving this situation. 

In order to get rid of loosely bound surface layers which seem to 
adhere easily to all surfaces, the vessels are so thoroughly cleaned (by 
baking) and the systems so free of leaks that before the plasma is 
introduced, the system pressure is roughly 10-°mm Hg, i. e., about 
one millionth millionth of atmospheric pressure. 

A usual technique in studying gas discharges is that of a Lang- 
muir probe—usually a small wire introduced into the plasma to 
which voltages are applied. At high plasma temperatures these 
devices tend simply to vaporize before measurements are possible. 

Asa result of these and other experimental complications, but more 
importantly as a result of the enormous complexity of plasma physics, 
we know we have a lot of difficult and challenging work ahead before 
we really understand the “magnetic bottle.” 

Senator Anperson. Thank you. May I ask you one question that 
the staff has prepared. 

Have American discoveries in electromagnetic control of hot plasma 
been helpful to the British in their experimental work in plasma ? 

Dr. Gorrtiies. Yes, the sharing of information has helped both 
sides without question. 

Senator Anperson. Does the magnetic bottle have to be 100 per- 
cent leakproof before thermonuclear reaction can take place? 
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Dr. Gorriies. We know it can never be 100 percent leakproof. 
The simple leaks we can plug; that is, the simple leaks we can live 


with. If there are more fancy leaks, we have to find out how to plug 
those. 


Senator Anperson. Thank you very much. 
Our next speaker is Dr. Frieman. Dr. Frieman is also from 
Princeton University, engaged in the field of controlled thermo- 


nuclear research. He will discuss the stability of plasma in the ther- 
monuclear field. 


STATEMENT OF DR. EDWARD A. FRIEMAN,’ OF PRINCETON 
UNIVERSITY 


Dr. Frreman. I would like to thank the members of this subcom- 
mittee for an opportunity to discuss some aspects of the fusion re- 
search program during the course of these hearings. 

One of the most challenging problems to the theoretical physicist 
in the field of plasma research, aside from the goal of controlled 
fusion itself, is the understanding of cooperative phenomena in a 
completely ionized gas. Cooperative phenomena include the whole 
complex of macroscopic effects which come about by the concerted 
motion of very large numbers of electrons and ions interacting with 
electromagnetic fields. 

One of the central problems in the controlled thermonuclear pro- 
gram which comes under the heading of cooperative behavior is the 
problem of stability. In very broad terms, instability is the tendency 
of the plasma to dash itself into the walls of the containing vessel 
before an appreciable number of thermonuclear reactions have taken 
place. The eventual success of the Sherwood program clearly de- 
pends on understanding and using these phenomena. In the follow- 
ing the nature of these instabilities is discussed along the possible 
methods of stabilizing them. 

A prerequisite to a discussion of stability is the existence of an equi- 
librium state (figs. 1 and 2). This state is defined by the condition 
that the forces on the system are in overall balance. However, there 
will always be perturbations which tend to disturb the system and 
drive it away from the equilibrium state. These are due to all the 
slight fluctuations and imperfections which are always present in any 
physical system. If the system tends to return to the equilibrium state 


after the perturbation it 1s said to be stable, while if it tends to depart 
further, it is unstable. 


1 Born: New York City, 1926; married ; two children. 

Education: Bachelor of science, Columbia University, 1946; master of science, Poly- 
technic Institute of Brooklyn, 1951 ; doctor of philosophy, Columbia University, 1951. 

Professional experience: During World War II served in the Navy as a deep-sea diving 


officer; active in current Matterhorn program; staff, department of physics, Princeten, 
N. J., 1952—present. 


Societies : 


American Physical Society, American Astronomical Society, Sigma Xi. 


Publications: Author of papers published in Astrophysical Journal, Physical Review, 
and the Proceedings of the Royal Society. 
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Ficure 1.—Equilibrium state. 
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Fieure 2.—Equilibrium state. 
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It has been found theoretically that there are two major classes of 
instabilities : those of hydromagnetic, and those of electrostatic nature. 
We can classify them in terms of the source of the energy which drives 
the instability. 

The hydromagnetic instabilities are associated with both a change 
in the magnetic energy and a change in the compressional energy of the 
plasma. The compressional energy can be thought of in terms of a 
cylinder in which gas is contained which is held there by a piston. 
The compressional energy stored in the gas tends to give rise to a force 
which will push the piston out. For many purposes it is also possible 
to visualize the effects of the magnetic field in terms of a mechanical 
system. The field is found to hobiewa in a manner similar to a collec- 
tion of stretched rubber bands which, in addition, exert lateral forces 
on each other. Thus, both stretching and sideways compressions are 
resisted by the field. 





Figure 3.—Pinch equilibrium. 
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FIGURE 4.—Pinch instability. 





FicvURE 5.—Stabilization of pinch equilibrium. 
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Theoretical analysis has shown that there are two kinds of hydro- 
magnetic instabilities. The first, called the pinch or kink instability, 
(fig. 3 and 4), was first suggested by Lyman Spitzer in 1951. In this 

case the compressional energy of the plasma is, in general, unchanged 
by the perturbation. It is the magnetic energy which drives the in- 
stability. A small perturbation decreases the energy in the magnetic 
field thus providing energy for the motion away from the equilibrium 
state. A method of stabilizing this instability has been found which 
depends on two factors (fig. 5 5. First, an axial magnetic field must 
be introduced which is stretched by the perturbation so as to cause a 
restoring force. Second, a conducting, rigid shell must be placed 
around the system so as to stabilize those motions which do not cause 
the axial field to stretch. 

The second category of hydromagnetic instability is the interchange 
instability (figs. 6 ‘and 7 ), which was first suggested by Edward Teller 
in 1954. Here, in contrast to the previous case, the compressional 
energy in the gas is the source driving the instability. The magnetic 
tubes of flux only interchange places without changing the magnetic 
energy. It has been found that if the boundary between the plasma 
and the magnetic field is such that the plasma sees a convex surface 
this inst: ability also will not occur. 





Figure 6.—Interchange instability. 
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Fieure 7.—Interchange instability. 


The second major class of instabilities, those of electrostatic nature, 
do not involve either the magnetic or the compressional energy but 
only the electrical energy arising from electric fields. They are not 
as well understood at the present time as the hydromagnetic instabili- 
ties. One example which has been found involves a beam of electrons 
which have much higher velocities than the rest of the plasma elec- 
trons. Such a situation is very likely to arise in the heating of the 
pinch effect. It is found that these electrons collect in bunches which 
produce electric fields which further bunch the electrons, which again 
in turn increase the field, etc. A possible stabilizing mechanism in 
this case is the introduction of alternating electric fields which pre- 
vent the occurrence of the high-velocity electron beam. 

It should be noted that it is by no means clear at the present time 
that we have found all the possible ways in which a plasma can con- 
trive to become unstable and that many problems yet remain. In 
conclusion it should be stated that a considerable number of physicists 
in the Sherwood program have contributed to the ideas which I have 
summarized above. 


Thank you. 


|| 
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Senator Anperson. You speak of these instabilities. Do you think 
the achievement of stability is probably as important to future suc- 
cess as the achievement of higher temperatures ? 

Dr. Frrmman. Undoubtedly. We could not hope to achieve the 
high temperatures unless we can achieve the stability and keep the 
plasma there long enough to be heated. 

Senator Anperson. Thank you very much. 

We are going on into the pinching effect. Just before we do, Dr. 
Gottlieb, on the question in reference to the contribution we make to 
the British and vice versa, you spoke of this bending effect. Didn’t 
the British make some use of that in Zeta? 

Dr. Gorr.ies. I am not quite sure what you mean. 

Senator Anperson. The bending effect, bending around a tube? 

Dr. Gorr.ies. That is a torus. The British made use of that. It 
is a quite common idea to all the programs apparently. 

One knows that a straight tube would be impossible from the energy 
standpoint. The first idea is to bend it around a circle. There are 
difficulties with that,too. But all programs have been using it. 

Senator Anperson. Including coils around a tube? 

Dr. Gortttes. Including coils around the tube; yes. The Russians 
have spoken of it. The British have spoken of it. We have spoken 
of it. 

Senator Anperson. At least it would be fair to say that the use 
of the coils around the tube is not foreign to the American ingenuity, 
anyhow ? 

Dr. Gorriies. By no means. 

Senator ANperson. Now our next speaker is one in whom I always 
take a great deal of personal interest, Dr. James L. Tuck, associate 
division leader in charge of Sherwood research at the Los Alamos 
Laboratory. His subject this morning will be Neutrons From 
Pinches. 

I want to say that while there may be an occasional word or two 
that falls from his mouth which sounds as if he might be a Britisher— 
he came over here from Britain—we have made him over in the West 
and we regard him as a hometowner. 


STATEMENT OF DR. JAMES L. TUCK,’ LOS ALAMOS SCIENTIFIC 
LABORATORY 


Dr. Tuck. Thank you, Mr. Chairman. I see that according to my 
draft, I am to talk about such difficult problems as what a thermo- 
nuclear reaction is. However, the previous speakers, I think, have 
more than adequately taken care of that. So I will go on to a brief 
historical sketch, 


1 Born: Manchester, England, January 9, 1910; married, 1938; two children. 
Universities: Victoria University of Manchester, bachelor of science, mathematics, 
physics, and chemistry, with honors 1931; master of science, physical "1 1932 ; 


Coleen research scholar. Oxford University: Salter research fellow, M. A. adham 
olle 


e. 
ager OS: Chief scientific assistant to Lord Cherwell on the Prime Minister’s personal 
staff. 

1942-43 : Chief scientific adviser, Ministry of Defense. 

1944: Awarded the Order of British Empire by King George VI for elucidation of the 
Munroe or shaped charge effect and for contribution to weapons. Requested by the United 
States Manhattan District for research at Los Alamos Scientific Laboratory in connection 
with development of the atomic bomb. Contributions to atomic bomb development in- 
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When Sherwood started in America in very late 1951 at Los Alamos, 
we were thinking about the pinch effect as an entertaining little 
experiment to find out if plasma confinement could be achieved that 
way. Before we knew where we were, it swelled up and became quite 
a substantial project. We built our first Perhapsatron, a toroidal 
pinch, in January 1932. It did all the horrible things you have heard 
that pinches do. It kinked and it was unstable. There followed a 
long period of struggle and experimenting and at times we even felt 
despair. After a couple of years of this, we began to get the neutrons 
which are now known as the phony neutrons or the instability neu- 
trons. These, I do not propose to talk about, since my colleague, Dr. 
Colgate, from the Livermore laboratory, has studied these extensively 
and is scheduled to speak about them. 

Coming now to 1956, while the pinch effect remained our major 
effort in Sherwood at Los Alamos, we nevertheless had an eye for 
various other methods of achieving confinement. And we felt we un- 
derstood enough about plasma stability that we could set ourselves the 
ojective of making a detectable thermonculear reaction in the labora- 
tory. Such an objective is quite distinct from and less ambitious than 
that of building a thermonuclear reactor. 

We chose to pursue about five different lines in all, a small group of 
people on each, every one of whom was going to do his utmost to get 
this thermonuclear reaction. The lines comprised in the main: axial 
magnetic field stabilized pinches in linear geometry (called Columbus 
machines), axial magnetic field stabilized pinches in toroidal geometry 
(called Perhapsatrons) and two other geometries not being disclosed 
at the present time. 

The first of these to give neutrons which were different enough not 
to be mistaken for the now well-known instability neutrons, was Co- 
lumbus II in mid 1957. It produced sufficiently generous neutron 
bursts, about 100 million in a partially stabilized geometry, to permit 
of partly refined measurements. These neutrons are at present some- 
thing of a puzzle. We know they are emitted with slightly higher 
energies toward the cathode. So they are not thermonuclear in the 
simple sense. But they might be emitted in a transient thermonuclear 
reaction in gas having a transient velocity towards the cathode. One 
might object that such an explanation is laboured, but it turns out to 
be no easier to explain them by the now commonplace instability 
method. 

The next machine to give neutrons was Perhapsatron S-3. It will 
be recalled that Perhapsatron implies a toroidal pinch and S means 
stabilized. And some of the earlier speakers have described the way 
to eliminate the instability now known throughout the world, namely 


the combination of an axial magnetic field down the pinch and 
conducting walls. 


cluded : (a) the explosive lens (with John Von Neumann) used in fission weapons; (b) the 
urchin initiator (with Hans Bethe). 

1946: First known paper on controlled thermonuclear reactions (with Staneslas Ulam) ; 
returned to Oxford, England, as supervisor of the Department of Advanced Studies. 

1949 : United States University of Chicago. 

1950: Los Alamos Scientific Laboratory, research on the remeasurement of fusion cross 
sections with W. Arnold, J. A. Phillips, G. A. Sawyer, E. Stovall, Jr. 

1951: Lecture on controlled thermonuclear reactions. 


1952: Experiments began with Perhapsatron; became member of Sherwood steering 
committee. 


tee. 
1955 : Obtained United States citizenship. 


1956: Appointed associate division leader in charge of Sherwood research at Los Alamos 
Scientific Laboratory ; present staff, 55. 


So <P  o L 
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Both these ideas were developed originally at Los Alamos and also 
developed independently and slightly differently in the United King- 
dom and possibly less completely in the U. 8. S. R. Perhapsatron 
S-3 was planned as a very scientific way according to theoretical pre- 
dictions and on December 17 of last year, began to give neutrons. 
Although Perhapsatron S-3 is a small machine, it produces a very 
satisfactory yield of neutrons—averaging 200,000 per pulse, and with 
a maximum of over a million, and this is Pocuets of the high deuterium 
density we are able to use. 

Senator ANpERsoN. Will you say what temperatures you got? 

Dr. Tuck. This one makes a temperature—we talk in volts, astro- 
physicists talk in degrees—we claim 600 volts which is about 6,800,- 
000°. The way we prove the temperature, if it is a temperature, is by 
measuring the pressure inside the pinch with magnetic probes. It is a 
method we believe to be reliable. 

Now the next runner in this neutron race, we call Columbus S-4 and 
it came in about the same time as Perhapsatron S—3, about December 
of last year and was more a lucky accident than a planned operation 
like Perhapsatron S-3. 

Mr. Burkhardt and Mr. Lovberg were studying something else— 
the effect of larger diameter pinch tubes and new ways of cleaning 
the apparatus upon the appearance of impurities in the pinch. (It is 
very important to keep out impurities if you want to get high tem- 
peratures. They radiate all the energy away). The reduction of im- 
purities worked much better than expected; neutrons appeared and 
these neutrons look suspiciously thermonuclear. Columbus S—4 is not 
making very many yet—some thousands per pulse but it looks like a 
most fruitful line of research. 

So at the moment we find ourselves with three machines at Los 
Alamos making neutrons, having some resemblance to being thermo- 
nuclear; namely Columbus IT, Perhapsatron S-3 and Columbus S-4. 
We now come to the questions, how to establish whether or not any 
of these neutrons are thermonuclear ? 

This question is easily answered. To establish that some neutrons 
were produced by a thermonuclear process requires that no other 
process could have produced them. For this, the number of neutrons 
produced would have to be several million times larger than the 
present levels. Consequently such definite evidence is not yet avail- 
able although it may become so. 

Less ambitiously we might be glad to be reasonably sure that a given 
source of neutrons was thermonuclear. For that we would gather the 
observations that the neutrons vary in yield and energy with plasma 
density and temperature in the predicted way for a thermonuclear re- 
action, and satisfy ourselves that no mechanisms were present that 
would yield the neutrons some simpler way. 

At temperatures not quite high enough to be thermonuclear, it hap- 
pens that there is a special risk of being deceived by what’s known as 
the Fermi mechanism. By this mechanism, a plasma with waves in it is 
able to bounce a deuteron from one wave to another, like a ping pong 
ball between two rackets till it gets energetic enough to fuse with an- 
other deuteron and make a neutron, even though the plasma tempera- 
ture is not hot enough to make any fusions. 
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The plasmas made in the above machines have not shown the 
presence of any waves. This is encouraging but not decisive however, 
and we are considering another method of providing evidence for or 
against a thermonuclear origin, based on measuring the yield of neu- 
trons using deuterium alone, and then with half the deuterium re- 
— by tritium. If the ratio of the two o— has a certain value, 
this constitutes supporting evidence for a thermonuclear reaction. 

It has been said that none of the present achievements can aspire to 
being a breakthrough until thermonuclear neutrons have been pro- 
duced with a fair degree of certainty. You may be sure that for the 
next 12 months the physicists will a very busy with Columbus I, 
Perhapsatron S-3 and Columbus S~4, accumulating evidence. 

I think that a few general remarks about thermonuclear reactors 
may not be out of place. There is of course no industrial urgency in 
developing a thermonuclear reactor ey in the United States 
where power is very cheap and plentiful. For myself, and I think 
my colleagues, the motive in doing this research is curiosity, with the 
added feature that we are all very sure it would be a fine thing for 
mankind if it could be done. However, any achievement in the field 
of controlled thermonuclear reactions has certainly developed a kind 
of international prestige which adds pressures on the scientists in their 
work. Opinions vary as to whether this is a good or a bad thing. 
While Sherwood is still physics and not yet development, obviously 
overeagerness to claim results can have a disastrous effect on the 
quality of scientific work. Likewise excessive competition in the sub- 
ject can label it a rat race to scientists, with the inevitable result that 
the more independent spirited of them wander away to more congenial 
fields of investigation—the operation of a kind of Gresham’s law in 
scientific research. I think we shall avoid these dangers but it is a 
good thing to know they are there. 

Now some kind of prediction is expected of me about the future of 
controlled thermonuclear research. I am sure that some day thermo- 
nuclear energy will have an important and useful part to play in our 
lives. It is impossible to guess what part this will be. I would say 
there is no likelihood of economic bulk electron power from thermo- 
nuclear reactors within a decade, least of all in the United States 
where power is cheap. Asa matter of fact, we really do not know yet 
how to make a thermonuclear reactor at all at any price. As was well 
pointed out by Dr. Gottlieb and Dr. Frieman, as we get further along 
the road to better and better plasma confinement, more and more ela- 
borate ways by which the plasma can escape, becomes effective. How- 
ever, nobody can predict the uses that will be found for the tre- 
mendous things we are learning about holding plasmas and high tem- 
peratures with magnetic fields. I am sure that unmeasured technical 
advantages will spring from this Sherwood research. I think that 
this is the end of my talk. 

Senator Anperson. What is the situation in regard to fusion power 
developments on the continent of Europe? Do you have any informa- 
tion on how rapidly they are getting along in Soviet Russia or the 
United Kingdom ? 

Dr. Tuck. There is a good deal of effort in France, Sweden and 
especially in Germany. We know very little about the U.S. S. R. 
work. Kurchatov’s paper showed that their work on the pinch was 
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similar to our own. However their subsequent publications on stabi- 
lization of the pinch do not go as far as ours. The German effort 
is on a substantial scale, s iad over several universities and technical 
institutes, and although they entered the field late, their work already 
shows considerable originality. 

Senator Anperson. You said there was no urgency about this fusion 
program. Many people have worried that it is going to put uranium 
out of any market in the next few years. If we were to develop a 
complete success, if we had the breakthrough you said that we have not 
had, it would still be a matter of many, many years before it was com- 
mercially feasible ? 

Dr. Tuck. Yes, that is probably true. Fission power however is 
fundamentally much simpler technically than fusion power. There 
is this point, though. One of the things which holds back the develop- 
ment of fission power is the unpleasant nature of fission products. 
Now, fusion power will be a much nicer form of power without the 
fission products so this is an advantage which may speed its develop- 
ment once it becomes technically possible. 

Senator Anprerson. The probabilities are that it will be many, many 
years in the future ? 

Dr. Tuck. It is risky to make predictions, but that is so. 

Senator Anperson. One of your associates was talking about it up 
there and he said a plant to generate it might go into hundreds of 
millions of dollars, but if the current was free, I mean if you fuse 
free, that the power would still be unable to compete with ordinary 
power rates because of the enormous investments to generate it. 

Dr. Tuck. I think that is very much the point, Senator. However, 
different people have different concepts of how they will make, if 
they ever do make, fission reactors. It is far from clear which of these 
lines will prove to be the best. 

Now, when we were starting there was no competition, of course, 
and the reason we chose the pinch effect for our studies was that it 
looked to us as though you could make something rather small. I 
don’t know whether this will be justified in the long run. However, 
I do not think we should assume it is necessarily so that the fusion 
reactor has to be a tremendously big thing. Now, a small fusion re- 
actor might conceivably have uses even though its power could not 
compete economically with power stations. 

Senator Anperson. When the press conference was held the other 
day, on January 23, in the Atomic Energy Commission, you gave a 
little hint you thought this might be useful in the propulsion of rockets. 
You said when the day comes when man is trying to navigate out- 
side into the solar system his main problem will be how to get pro- 
pulsion without spending too much mass. He has to get as much 
thrust as he can from mass, otherwise he will find himself stranded. 

These hydromagnetic techniques give the secret of how to do this 
because they enable you to shoot things back at much higher tem- 
peratures than the present materials and rockets will stand. 

I am not trying to get you to comment at great length but do you 
think this may be helpful in the general path to try to find a nuclear 
propulsion method for rockets, space ships and the like ? 

Dr. Tuck. There is no question of that. 
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Senator ANpEerson. We are not just throwing our money away on a 
form of power that will not be needed tomorrow. I think coal, gas, 
other foals will be sufficient to run us awhile; if not, the fission power 
by uranium can be developed in 10 years, so it will take up the gap 
of the next 25 to 50 years, so we are not in danger of running out of 
power. But, we might want it very badly for propulsion. Is that 
your view, Doctor? 

Dr. Tuck. It is but I am reluctant to say too much about it. Not 
for security grounds but because I don’t want to give the wrong em- 
phasis to our ‘Sherwood program. 

Senator Anperson. Are there other questions? There have been 
some British statements indicating a short time scale for giving fusion 
power and American statements “to indicate longer time. Does the 
fuel situation in Britain have something to do “with the somewhat 
extra optimism ? 

Dr. Tuck. I think it probably does, sir; yes. 

Mr. Ramey. Do you think there 1 is much advantage to our scaling 
up the size of the tubes and so on, the pinch effect, to see if you can 
make that ? 

Dr. Tuck. It is an exceedingly delicate question and requires a lot 
of complicated physics; in fact, you can show mathematically that 
the good of a machine, from the point of view of a thermonuclear re- 
actor, is independent of the size. The Perhapsatron S-3 is almost 
exactly like Zeta except it is 17 times smaller. It gives approxi- 
mately the same amount of neutrons. 

However, there is good in going big, it is easier to keep the walls 
of the torus cool. There is no doubt about it, we will make some 
larger machines. 

Senator Anprerson. I remember, Doctor, when you first took me up 
to take a little look at the pinch effect. I must say it was a very 
fascinating experience. We are always glad to have you back here 
before this committee. 

The next speaker is Dr. Stirling A. Colgate. 

Dr. Colgate, will you come forward. 

Dr. Colgate is a physicist at the University of California Radiation 
Labor atory and will review the results of some of his work in that 
field. 


STATEMENT OF DR. STIRLING A. COLGATE,’ OF THE UNIVERSITY 
OF CALIFORNIA 


Dr. Coieate. I am Stirling Colgate and am in charge of a group 
working on controlled fusion research at the University “of California 
Radiation Laboratory at Berkeley and Livermore. 

I would like to describe to you briefly a series of neutron- -producing 
pinch tube experiments which have been done at the University of 
California Radiation Laboratory in Berkeley and Livermore. I 


1 Born in 1925 and studied at Cornell University for both his undergraduate and grad 
uate degrees. He is married to the former Rosemary Williamson; they reside in Liver 
more, Calif., with their three children. During the course of his university training, he 
spent 3 years in the United States merchant marine during World War II. After receiving 
his doctorate in physics in 1951, he joined the staff of the University of California Radia- 
tion Laboratory in Berkeley and worked for a year on accelerators and high energy electron 
physics. In 1952 he joincd the Livermore Laboratory and worked for 3 years on nuclear 
weapons and weapon tests. In 1955 he joined the Sherwood project, and now he is leader 
of a group concerned with the stabilized pinch and shock heating. 
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would like then to draw some general conclusions about the observa- 
tion of neutrons and its significance in the development of a fusion 
reactor. 

Senator Anperson. You are 32 years old; is that right ? 

Dr. Coreatr. That is correct. 

Senator Anperson. I must say this is interesting to a great many 
of us who have been hopeful that we will have a rising generation of 
physicists coming along. 

Dr. Coreatr. A very large fraction of the physicists contributing 
to this field are younger than I. 

The first pinch effect neutrons to be generated in project Sherwood 
were obtained and studied by William Baker at Berkeley in the years 
1954-55. He was supported by Anderson, Colgate, Ise, and Pyle. 
Virtually all the early experiments argued strongly for a thermonu- 
clear origin and I will describe these first. 

The theory of the dynamic pinch is now rather widely understood 
so that only a brief summary of some of the ideas will be given. If 
a longitudinal electric field is suddenly applied toac ylinder ¢ of ionized 
low density gas, a longitudinal current flows in a thin layer at the 
surface of the plasma, and the column collapes radially under the 
magnetic pressure. A shock wave preceding the current sheath goes 
through the axis and reverses the direction of the current sheath 

causing the column to expand. The plasma may expand and con- 
tract several times ee instabilities destroy the ordered motion, and 
the dynamic “bouncing” can be observed by the voltage changes across 
the circuit. Each Honese e can be recognized by the characteristic 
change in inductance, and consequently the hydrodyn: unic behavior 
can be compared quite accurately with theory. This theory is in 
sufficient agreement with the hydrodynamics observed so that the first 
bounce time can be predicted to within a few percent from known 
values of condenser capacity, voltage, inductance, tube diameter, and 
initial gas density. With this basis for believi ing the theory, the ion 
kinetic energy just before first bounce can be predic ted accurately ; in 
the case of the Berkeley experiments it was quite high (215 ev), and 
so—perhaps naively—a thermonuclear yield was thought possible. 

The circuit used is simply a large capacitor tank, 1 12 microfarads, 
charged to 30 to 50 kilovolts in series with a spark gap switch and a 
linear, cylindrical pinch discharge tube. A large number of dis- 
charge tubes was tried in order to optimize neutron yield. For the 
results quoted here the pinch tube was quartz, 7.5 centimeter in 
cliameter and 45, or in some cases 90, centimeters long. 

What it was hoped had been achieved was a thermonuclear neutron 
vield coming from reactions of many moderately “hot” particles 
against each other, within a hot plasma of deuterons and electrons. 
What was feared was that the neutrons might be originating from 
reactions of an accelerated beam of a few very hot deuterons striking 
x cold target. Such reactions could be duplicated by dozens of accel- 
erators around the world, and—as is now well recognized—cannot 
lead to useful fusion power. 

Consequently we were most excited when we observed neutrons 
coming from the dynamic pinch in a fashion that strongly argued 
against the possibility of any of the usual methods of acceleration. 
The following results were obtained : 
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(1) The neutrons came at the time of the second or third bounce 
when one would expect the temperature to be highest due to shock and 
compression heating and also when the observed voltage across the 
tube was minimal, 1. e., when the axial acceleration of the ions should 
be small. 

(2) The yield was uniform along the length of the tube, a result 
which excluded the possibility of considering the electrodes as targets. 

(3) The neutrons came from a central column of plasma; therefore 
the tube wall was excluded as a target. 

(4) The neutron yield was strongly quenched by a small fraction 
of impurity, such as argon. This was very suggestive of a high 
temperature plasma, because one expects impurity atoms to radiate 
away very rapidly the heat of such a plasma. 

(5) The neutrons were observed to originate simultaneously along 
the length of the tube, thus excluding the possibility of deuterons 
being accelerated by an are drop near one electrode and producing 
reactions during passage down the length of the plasma column. 

These porvions encouraging results were reported by us at the 
Princeton meeting in October 1955, and it was generally agreed that 
this indeed looked like a true thermonuclear reaction. Fortunately 
our general optimism was also tempered by some serious doubts as to 
the thermonuclear origin of the neutrons. In speaking on this sub- 
ject, I emphasized that, however plausible the neutronics results might 
seem, commonsense plasma physics predicted a far smaller yield than 
was actually observed. May I say that such a negative point of view 
was just as unpopular then as it is now. The Los Alamos group 
shortly afterward repeated Baker’s neutronics experiments and con- 
cluded that the neutrons were very probably thermonuclear. Their 
arguments in favor of this belief were incorporated in the minutes of 
the Princeton meeting. Shortly afterward new information came to 
light, and by the time of the Gatlinburg meeting of June 1956, every- 
one was in agreement once more, it having been Srinty established that 
the observed neutrons could not be of thermonuclear origin. 

The break in the mystery came during the last months of 1955, 
when some stacks of nuclear emulsion plates were exposed to the pinch 
effect neutrons by the Berkeley-Livermore group. These plates were 
then examined under a microscope for the recoil protons struck by the 
neutrons. By measuring the energy of the protons, we could tell the 
energy of the neutrons—a standard physics technique. The neutrons 
showed a greater energy in one direction with respect to the applied 
voltage of the tube than in the other. This result definitely proved 
that the neutrons were coming from an accelerated beam of deuterons 
striking deuterons at rest. An explanation of this phenomenon was 
found in the high voltages appearing across the “sausage” instabilities 
that eventually break up the pinch. 

A small number of deuterons were being accelerated to high energies 
across these voltage drops, and then striking cold deuterons in the 
plasma. In this case the instability mechanism happened to accelerate 
all particles in the same direction. If the instabilities had assumed 
a random orientation in space, the neutron energy would have been 
isotropic, and then some of us might have gone on imagining a 
thermonuclear yield. This would have been unfortunate because in 
early 1956 Academician Kurchatov gave a most conservative and 
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well-considered paper at Harwell, discussing identical Russian meas- 
urements—without the neutron energy measurement—and still not 
claiming a thermonuclear reaction. The Russian scientists simply 
felt that the plasma physics did not indicate thermonuclear tempera- 
ture. Considering how close we came then to being made ridiculous 
by a show of superior scientific sobriety on the part of the Russians, 
we will do well to temper all present and future claims with the most 
scrupulous caution. 

Senator Anperson. From your discussion with the British would 
you say that they have been able to prove conclusively that they have 
— the fusion of thermonuclear neutrons ? 

Coreate. I would appreciate discussing that at the end of 
my talk, but I will orient my remarks toward expressing my own per- 
sonal doubt on this question. 

It is in the nature of things that the nonthermonuclear origin of 
neutrons can be decisively proved by negative experiments, but there 
are no simple positive experiments that will prove a thermonuclear 
origin. The observation of neutrons is what mathematicians would 
call a necessary but not sufficient condition for the presence of a 
thermonuclear plasma. A homely example will perhaps make this 
clear. Suppose we compare the effort to harness fusion power to 
the effort to climb Mount Everest. We know that if we reach any- 
where near the top of Mount Everest we will see snow. If where we 
are at present there is no snow, we know for sure that we are not 
any where near the top of Mount Everest; it is not, however, a suf- 
ficient condition. If whenever we see snow we conclude that we are 
nearing the top of Mount Everest, we will probably be mistaken a very 
large fraction of the time. We might actually be in Antarctica, or for 
that matter in Kansas City. We are, therefore, quite hesitant just 
now to speculate about the origin of the neutrons we have been ob- 
serving, simple because at the “present stage of things, there is ab- 
solutely no way of proving neutrons to be thermonuclear. There is 
always time to announce good news once it is certain, but to retract 
good news is often embarrassing. If this attitude appears excessively 

sautious, you must remember that our early experience with pinch 
neutrons has taught us a very sobering lesson. 

It may be helpful at this point to explain just why it is that ex- 
perimentalists are so anxious to observe even a few thermonuclear 
neutrons. That such observations are very helpful in pointing the 
way to a power-producing thermonuclear reactor, is by no means self- 
evident. In all the pinch experiments done so far, the maximum 
number of neutrons observed has ranged from a few tens of thousands 
to a few hundred million per shot. A going thermonuclear reactor 
of the pinch type would generate at least a million million as many. 
Even if all the neutrons observed in experiments so far were genuine 
thermonuclear neutrons, the experimental conditions under which 
the neutrons were generated would be far indeed from what the con- 
ditions in a fusion reactor will have to be. Many of the experimental 
devices that have produced neutrons have essential features that pre- 
vent them categorically from serving as models for fusion reactors. 
For instance, even if some of the neutrons from our dynamic pinch 
could be proved to be thermonuclear after all, it would still be in- 
herently impractical to scale up this device into a reactor. The 














434 PHYSICAL RESEARCH PROGRAM 


trouble is that in an actual fusion reactor one needs not only high 
temperatures but also long containment times of the hot plasma. 

The dynamic pinch cannot give long containment times, because 
it is inherently unstable ; therefore, we will never design a reactor 
on this principle. The reason we would nonetheless be very happy to 
have thermonuclear neutrons from such a device is that the amount 
of thermonuclear neutron production measures the ion temperature 
reached in the plasma. In other words, the true neutron production 
is a true thermometer, and a very sensitive one at that. Lf we pos- 
sessed such a sensitive plasma thermometer, we could quickly learn a 
very great deal about which techniques and designs are favorable to 
producing a hot plasma, and which are not. One reason why con- 
trolled fusion research has been so extraordinarily difficult to get 
underway, is that precise thermometers of plasma temperature have 
been totally lacking. Our progress to date has been like climbing 
Mount Everest in the dark with an inaccurate compass and a doubt- 
ful altimeter. It has, therefore, often been remarked that, once re- 
liable thermonuclear neutrons are produced, further progress will 
be very greatly speeded. 

Unfortunately, the same cannot be said of nonthermonuclear or 
questionable thermonuclear neutrons. These either originate from 
effects having little to do with plasma temperature, or else are of 
doubtful origin. In either case the amplitude of neutron production 
is an untrustworthy measure of progress toward a fusion reactor. 
I think that all the experimenters in the field are in agreement on 
this point. Of all the research groups that have thus far produced 
neutrons under interesting conditions, none would be willing just 
yet to risk further progress on the belief that the neutrons are in 
fact thermonuclear. 

This attitude of caution exists in part because no one as yet has 
produced neutrons under plasma conditions that were free from seri- 
ous defects. In other words, if you have a fancy thermometer that 
tells you the temperature in this room is 214° F., you will be inclined 
to mistrust the thermometer, even on the basis of an admittedly very 
crude thermometer, namely, the sensations of your own skin. It has 
been exactly the same way with neutron production from pinches. In 
all the known cases where neutrons have been observed, there have 
been present some factors that on the basis of simple commonsense 
argument would point to far lower temperatures than those indicated 
by the number of neutrons observed. 

When ae of plasma temperature, there is one subtle but ex- 
tremely important point that must be kept clear. The electrons and 
ions in a plasma need not necessarily have the same temperature. In 
some cases the ions are hot and the electrons are cold, and in other 

cases the ions are cold and the electrons are hot. In still other cases 
the plasma density is sufficient so that ions and electrons collide with 
great frequency and are therefore forced to stick very closely to the 
same temperature. For the purpose of producing thermonuclear neu- 
trons, it is essential only that the ions be hot. At the same time the 
electrons may be quite cold, and it is, in fact, the general consensus 
that in all the stabilized pinch exper iments published so far the elec- 
trons have been quite cold, meaning they have been well below ther- 
monuclear temperature. The high electrical resistivities and large 
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impurity contaminations observed in all cases are inconsistent with 
electron temperatures of even a million degrees. One of the neutron- 
producing devices is a linear stabilized pinch with cold electrodes— 
a configuration in which ordinary heat conduction is known to keep 
the electrons cold. Now in several of the experiments published, espe- 
cially in the Zeta experiments, the plasma is sufficiently dilute so that 
the ions need not have the same low temperature as the electrons. In 
other but apparently very similar experiments, the plasma density 
is so high that the ions could not possibly become thermonuclear in 
the presence of cold electrons, and yet neutrons have been observed 

These instances of neutron production under obviously nonthermo- 
nuclear conditions must be interpreted as casting doubt on all neutron 
production from similar experiments, even those conducted under 
slightly more plausible conditions. Leaving aside the question of ion 
temperature, it is really much more important to stress the vital sig- 
nificance of the electron temperature as such. We have heard a great 
deal recently about the need for ion temperatures of 100,000,000° or 
more to make a practical fusion reactor. In some thermonuclear ma- 
chines that are being considered, such ion temperatures by themselves 
will be sufficient. 2 other proposed machines, including all pinch- 
type devices whatsoever, the creation of ion temperatures of a hun- 
dred million degrees or, for that matter, a billion degrees, is not at all 
sufficient to provide a practical fusion reactor. It is true that fusion 
reactions are performed entirely by ions, and the electrons play no 
measurable role in this whatever. It should be borne in mind, how- 
ever, that it is the electrons that hold the whole configuration to- 
gether. If the electrons are cold, the plasma has a high electrical 
resistivity. The magnetic fields of the stabilized pinch then quickly 
interdiffuse, and instabilities result, destroying the plasma. If the 
electrons are hot, the magnetic fields interdiffuse slowly, and the pinch 
lasts a long time. The economics of the pinch-type fusion reactor will 
depend almost entirely on questions of electron temperature. If any 
useful multiplication of input power is to be achieved, the plasma 
containment times will have to be exceedingly long (meaning a many 
second period), and the electron temperature will have to be corre- 
spondingly high (meaning a hundred million degrees or more). 

In all the stabilized pinch-type devices operated so far, by ourselves 
and others, the electron temperature has been low, the electrical resis- 
tivity high, and the observed plasma containment exceedingly poor. 
A good measure of the quality of containment is obtained by observing 
how long the pinch will continue to maintain itself after power input 
has been shut off. This is done by short circuiting the pinch at the 
time of maximum compression. In all cases observed so far, the pinch 
has disappeared in extremely short order, tsually in times even 
shorter than the power input time. 

Many of us feel that progress toward a thermonuclear reactor of 
the stabilized pinch type depends far more vitally, at this point, on 
solving the electron temperature problem than on obtaining neutrons 
from real or spurious sources. Plasma containment times are so short 
right now that expensive capacitor-type power sources must be used 
to drive pinch devices. As the pinch devices become much more 
energetic and thus consume much more electrical power, the expense 
of large capacitor installations, already in the million-dollar range, 
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will become extremely high. It is vital right now to attain higher 
electron temperatures and longer containment times in order that 
cheap sources of electrical energy, such as motor generators, can be 
applied. To succeed in this aim will be very difficult, because of the 
need for a plasma of extremely high purity. All stabilized pinch-type 
devices operated thus far have made plasmas of rather low purity, and 
the techniques of doing better are at a rudimentary stage. We think 
that a good many encouraging hints can be found in the excellent work 
of the Stellarator group at Princeton, and the Zeta group at Harwell, 
but success in this line cannot be expected to come easily or soon. 

By way of summary, let me say that we have operated many neu- 
tron-producing pinch tubes in the past, and we are studying several 
devices at present that show very promising types of neutron produc- 
tion. In addition, new devices of several kinds are being built, with 
neutronics in mind. We think highly of this kind of work, and look 
forward to the production of demonstrably thermonuclear neutrons 
with the same enthusiasm that has been shown by other laboratories in 
the field. At the same time, we feel very strongly that for the prac- 
tical purpose of developing a fusion reactor out of the stabilized pinch, 
neutronics are not at present of demonstrable value, and the emphasis 
should be placed on general plasma physics. In particular, a great 
effort must be made to clean up such obvious faults as low purity, low 
electron temperature and poor containment. If this is done success- 
fully, the neutron production of high magnitude will automatically 
result, and furthermore there may be a chance of authenticating 
thermonuclear origin. 

To return to the figure of speech used earlier, we feel that in order 
to climb Mount Everest we must start, not by looking for snow, but by 
getting ourselves into the Himalayas. When we start seeing Sherpas 
and 20,000-foot peaks, there will be snow as a matter of course, and we 
will then be ready to attempt a serious ascent. 

Thank you. 

Senator Anperson. Did you deal with that question to your satis- 
faction, whether or not the British have possibly actually observed 
thermonuclear reaction. 

Dr. Coteate. The inconsistency that is most apparent is the fact 
that the effective resistance of the plasma is high. This resistence has 
been high in all of the stabilized pinch and all toroidal stabilized pinch 
measurements that I know of. | 

This includes the ones we first did 2 years ago. It includes the ones 
we are still doing. It includes the ones that you will hear in greater 
detail by Los Alamos. 

The British experiment is no different in this respect, and because 
the electrical resistivity is high it makes me worry that the heating 
mechanisms may not be sufficient to make the ion temperature suffi- 
ciently different from the implied electron temperature to be consist- 
ent with a thermonuclear yield. 

You see, there are so many possibilities for these diabolical processes 
of nature, accelerating a few particles to high energy and fooling us, 
it is wishful thinking to assume that this is a true thermonuclear yield. 

Senator ANDERSON. What about the densities of the British plasmas 
as against our own ? 
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Dr. Coreatre. The densities are very much lower. One criterion of 
nuclear achievement—that is a measure of how far you are to achiev- 
ing a thermonuclear reaction is the product of the density times the 
time that you hold the plasma. 

This number turns out to be the same for all the stabilized toroidal 
pinch experiments that have been done including the British Zeta 
experiment. 

The British density is very low, and their time is very long. Their 
significant achievement is this long time which demonstrates a prob- 
able stability that we have all been most anxious to verify. 

Their low density permits containment in large size for long times 
with only moderate amounts of magnetic energy. In small size one 
contains a higher density for a shorter time with the same energy. In 
this sense the toroidal experiments are all very similar. 

I think that was the basis of Jim Tuck’s statement of a few moments 
ago, that the criterion of thermonuclear achievement is the same in 
these experiments, and further the number of neutrons from Zeta and 
the Perhapsatron are the same. 

Mr. Ramey. Are the British trying to increase the amount of power 
they are putting into the tube to raise up the temperature ? 

Dr. Corearr. I am not sure that I should answer that in the greatest 
detail. I should think that is the obvious direction for us all to go to. 

Mr. Ramey. Bigger tubes and more power ? 

Dr. Cotaatr. More power, perhaps bigger tubes. 

But certainly the most important point is understanding the electron 
temperature so that we can get the containment time longer and the 
higher ion temperature will follow as a matter of course. 

Representative Hosmer. Within the plasma, the location of the elec- 
trons and the ion are separated out? 

Dr. Coieatr. No, they are mixed together. It is the interaction 
between them that gives rise to the diffusion loss that is one of the 
basic losses of the plasma. 

Senator Anperson. Thank you very much, Dr. Colgate. We will 
insert your complete statement in the record. 

Dr. Cotgate. Thank you, Mr. Chairman. 

(The statement referred to follows :) 


STATEMENT SUBMITTED By S. A. COLGATE, OF THE UNIVERSITY OF CALIFORNIA 


I would like to describe to you briefly a series of neutron-producing pinch 
tube experiments which have been done at the University of California Radia- 
tion Laboratory in Berkeley and Livermore. I would like then to draw some 
general conclusions about the observation of neutrons and its signficance in the 
development of a fusion reactor. 

The first pinch effect neutrons to be generated in project Sherwood were ob- 
tained and studied by William Baker at Berkeley in the years 1954-55. He 
was supported by Anderson, Colgate, Ise and Pyle. Virtually all the early 
experiments argued strongly for a thermonuclear origin and I will describe these 
first. 

The theory of the dynamic pinch is now rather widely understood so that only 
a brief summary of some of the ideas will be given. If a longitudinal electric 
field is suddenly applied to a cylinder of ionized low density gas, a longitudinal 
eurrent flows in a thin layer at the surface of the plasma, and the column col- 
lapses radially under the magnetic pressure. A shock wave preceding the 
current sheath goes through the axis and reverses the direction of the current 
sheath causing the column to expand. The plasma may expand and contract 
several times before instabilities destroy the ordered motion, and the dynamic 
“bouncing” can be observed by the voltage changes across the circuit. Each 
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bounce can be recognized by the characteristic change in inductance, and 
consequently the hydrodynamic behavior can be compared quite accurately with 
theory. This theory is in sufficient agreement with the hydrodynamics ob- 
served so that the first bounce time can be predicted to within a few percent 
from known values of condenser capacity, voltage, inductance, tube diameter 
and initial gas density. With this basis for believing the theory, the ion kinetic 
energy just before first bounce can be predicted accurately; in the case of the 
Berkeley experiments it was quite high (215 ev), and so—perhaps naively— 
a thermonuclear yield was thought possible. 

The circuit used is simply a large capacitor bank, 12 microfarads, charged 
to 30 to 50 kv. in series with a spark gap switch and a linear, cylindrical pinch 
discharge tube. A large number of discharge tubes was tried in order to 
optimize neutron yield. For the results quoted here the pinch tube was quartz, 
7.5 cm. in diameter and 45, or in some cases 90 cm. long. 

What it was hoped had been achieved was a thermonuclear neutron yield 
coming from reactions of many moderately “hot” particles against each other, 
within a hot plasma of deuterons and electrons. What was feared was that 
the neutrons might be originating from reactions of an accelerated beam of a 
few very hot deuterons striking a cold target. Such reactions could be dupli- 
cated by dozens of accelerators around the world, and—as is now well recog- 
nized—cannot lead to useful fusion power. 

Consequently we were most excited when we observed neutrons coming from 
the dynamic pinch in a fashion that strongly argued against the possibility 
of any of the usual methods of acceleration. The following results were 
obtained. 

(1) The neutrons came at the time of the second or third bounce when one 
would expect the temperature to be highest due to shock and compression 
heating and also when the observed voltage across the tube was minimal, i. e., 
when the axial acceleration of the ions should be small. 

(2) The yield was uniform along the length of the tube, a result which 
excluded the possibility of considering the electrodes as targets. 

(3) The neutrons came from a central column of plasma; therefore the tube 
wall was excluded as a target. 

(4) The neutron yield was strongly quenched by a small fraction of impurity, 
such as argon. This was very suggestive of a high temperature plasma, because 
one expects impurity atoms to radiate away very rapidly the heat of such a 
plasma. 

(5) The neutrons were observed to originate simultaneously along the length 
of the tube, thus excluding the possibility of deuterons being accelerated by 
an are drop near one electrode and producing reactions during passage down 
the length of the plasma column. 

These extremely encouraging results were reported by us at the Princeton 
meeting in October 1955, and it was generally agreed that this indeed looked 
like a true thermonuclear reaction. Fortunately our general optimism was 
also tempered by some serious doubts as to the thermonuclear origin of the 
neutrons. In speaking on this subject, I emphasized that, however plausible 
the neutroniecs results might seem, commonsense plasma physics predicted a 
far smaller yield than was actually observed. May I say that such a negative 
point of view was just as unpopular then as it is now. The Los Alamos group 
shortly afterward repeated Baker’s neutronics experiments and concluded that 
the neutrons were very probably thermonuclear. Their arguments in favor of 
this belief were incorporated in the minutes of the Princeton Meeting. Shortly 
afterward new information came to light, and by the time of the Gatlinburg 
Meeting of June 1956, everyone was in agreement once more, it having been 
firmly established that the observed neutrons could not be of thermonuclear 
origin. 

The break in the mystery came during the last months of 1955, when some 
stacks of nuclear emulsion plates were exposed to the pinch effect neutrons 
by the Berkeley-Livermore group. These plates were then examined under a 
microscope for the recoil protons struck by the neutrons. By measuring the 
energy of the protons, we could tell the energy of the neutrons—a standard 
physies technique. The neutrons showed a greater energy in one direction 
with respect to the applied voltage of the tube than in the other. This result 
definitely proved that the neutrons were coming from an accelerated beam of 
deuterons striking deuterons at rest. 

An explanation of this phenomenon was found in the high voltages appearing 
across the “sausage” instabilities that eventually break up the pinch. A small 

















PHYSICAL RESEARCH PROGRAM 439 


number of deuterons were being accelerated to high energies across these volt- 
age drops, and then striking cold deuterons in the plasma. In this case the 
instability mechanism happened to accelerate all particles in the same direction. 
If the instabilities had assumed a random orientation in space, the neutron 
energy would have been isotropic, and then some of us might have gone on 
imagining a thermonuclear yield. This would have been unfortunate because 
in early 1956 Academician Kurchatov gave a most conservative and well- 
considered paper at Harwell, discussing identical Russian measurements—with- 
out the neutron energy measurement—and still not claiming a thermonuclear 
reaction. The Russian scientists simply felt that the plasma physics did not 
indieate thermonuclear temperature. Considering how close we came then to 
being made ridiculous by a show of superior scientific sobriety on the part of 
the Russians, we will do well to temper all present and future claims with the 
most scrupulous caution. 

Recently we have modified the original dynamic pinch experiments and ob- 
served neutrons apparently associated with a quite different instability mode 
of the pinch, the so-called corkscrew mode. These neutrons have amounted 
to only a few hundred thousand per shot, so that it has been impossible to 
disprove their thermonuclear origin by reliable means. Until more powerful 
experiments can be carried out, it will be our working hypothesis that these 
neutrons also are of spurious origin. This hypothesis must be held as long 
as the high temperature of the plasma is not demonstrated by a large number 
of reliable arguments. There is no reason whatever to believe that the “false 
neutrons” observed in conjunction with the early dynamic pinch experiments 
are the only “false neutrons” that will ever be observed. 

It is in the nature of things that the nonthermonuclear origin of neutrons 
can be decisively proved by negative experiments, but there are no simple posi- 
tive experiments that will prove a thermonuclear origin. The observation of 
neutrons is what mathematicians would call a “necessary but not sufficient” 
condition for the presence of a thermonuclear plasma. A homely example will 
perhaps make this clear. Suppose we compare the effort to harness fusion 
power to the effort to climb Mount Everest. We know that if we reach any- 
where near the top of Mount Everest we will see snow. If where we are at 
present there is no snow, we know for sure that we are not anywhere near the 
top. The observation of snow is a necessary condition for being near the top 
of Mount Everest; it is not, however, a sufficient condition. If whenever we 
see snow we conclude that we are nearing the top of Mount Everest, we will 
probably be mistaken a very large fraction of the time. We might actually 
be in Antarctica, or for that matter in Kansas City. We are therefore quite 
hesitant just now to speculate about the origin of the neutrons we have been 
observing, Simply because at the present stage of things, there is absolutely no 
way of proving neutrons to be thermonuclear. There is always time to announce 
good news once it is certain, but to retract good news is often embarrassing. 
If this attitude appears excessively cautious, you must remember that our early 
experience with pinch neutrons has taught us a very sobering lesson. 

It may be helpful at this point to explain just why it is that experimentalists 
are so anxious to observe even a few thermonuclear neutrons. That such 
observations are very helpful in pointing the way to a power-producing ther- 
monuclear reactor, is by no means self-evident. In all the pinch experiments 
done so far, the maximum number of neutrons observed has ranged from a 
few tens of thousands to a few hundred million per shot. A going thermo- 
nuclear reactor of the pinch type would generate at least a million million as 
many. Even if all the neutrons observed in experiments so far were genuine 
thermonuclear neutrons, the experimental conditions under which the neutrons 
were generated would be far indeed from what the conditions in a fusion reactor 
will have to be. 

Many of the experimental devices that have produced neutrons have essential 
features that prevent them categorically from serving as models for fusion reac- 
tors. For instance, even if some of the neutrons from our dynamic pinch could be 
proved to be thermonuclear after all, it would still be inherently impractical to 
scale-up this device into a reactor. The trouble is that in an actual fusion reactor 
one needs not only high temperatures but also long containment times of the hot 
plasma. The dynamic pinch cannot give long containment times, because it is 
inherently unstable; therefore we will never design a reactor on this principle. 
The reason we would nonetheless be very happy to have thermonuclear neutrons 
from such a device is that the amount of thermonuclear neutron production 
measures the ion temperature reached in the plasma. In other words, the true 
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neutron production is a true thermometer, and a very sensitive one at that. If 
we possessed such a sensitive plasma thermometer, we could quickly learn a very 
great deal about which techniques and designs are favorable to producing a hot 
plasma and which are not. One reason why controlled fusion research has been 
so extraordinarily difficult to get underway is that precise thermometers of 
plasma temperature have been totally lacking. Our progress to date has been 
like climbing Mount Everest in the dark with an inaccurate compass and a 
doubtful altimeter. It has therefore often been remarked that, once reliable 
thermonuclear neutrons are produced, further progress will be very greatly 
speeded. 

Unfortunately, the same cannot be said of nonthermonuclear or questionably 
thermonuclear neutrons. These either originate from effects having little to do 
with plasma temperature, or else are of doubtful origin. In either case the 
amplitude of neutron production is an untrustworthy measure of progress toward 
a fusion reactor. I think that all the experimenters in the field are in agreement 
on this point. Of all the research groups that have thus far produced neutrons 
under interesting conditions, none would be willing just yet to risk further 
progress on the belief that the neutrons are in fact thermonuclear. 

This attitude of caution exists in part because no one as yet has produced neu- 
trons under plasma conditions that were free from serious defects. In other 
words, if you have a fancy thermometer that tells you the temperature in this 
room is 214 degrees Fahrenheit, you will be inclined to mistrust the thermometer, | 
even on the basis of an admittedly very crude thermometer, namely the sensa- 
tions of your own skin. It has been exactly the same way with neutron produc- 
tion from pinches. In all the known cases where neutrons have been observed, 
there have been present some factors that on the basis of simple commonsense 
arguments would point to far lower temperatures than those indicated by the 
number of neutrons observed. | 

When speaking of plasma temperature, there is one subtle but extremely impor- 
tant point that must be kept clear. The electrons and ions in a plasma need not 
necessarily have the same temperature. In some cases the ions are hot and the 
electrons are cold, and in other cases the ions are cold and the electrons are hot. 
In still other cases the plasma density is sufficient so that ions and electrons 
collide with great frequency and are therefore forced to stick very closely to the 
same temperature. For the purpose of producing thermonuclear neutrons, it is 
essential only that the ions be hot. At the same time the electrons may be quite 
cold, and it is, in fact, the general concensus that in all the stabilized pinch 
experiments published so far the electrons have been quite cold, meaning they 
have been well below thermonuclear temperature. The high electrical resistivi- 
ties and large impurity contaminations observed in all cases are inconsistent with 
electron temperatures of even a million degrees. One of the neutron-producing 
devices is a linear stabilized pinch with cold electrodes—a configuration in which 
ordinary heat conduction is known to keep the electrons cold. Now, in several 
of the experiments published, especially in the Zeta experiments, the plasma is 
sufficiently dilute so that the ions need not have the same low temperature as the 
electrons. In other, but apparently very similar experiments, the plasma density 
is so high that the ions could not possibly become thermonuclear in the presence 
of cold electrons, and yet neutrons have been observed. 

These instances of neutron production under obviously nonthermonuclear 
conditions must be interpreted as casting doubt on all neutron production from 
similar experiments, even those conducted under slightly more plausible con- 
ditions. Leaving aside the question of ion temperature, it is really much more 
important to stress the vital significance of the electron temperature as such. 
We have heard a great deal recently about the need for ion temperatures of 
100 million degrees or more to make a practical fusion reactor. In some ther- 
monuclear machines that are being considered, such ion temperatures by them- 
selves will be sufficient. In other proposed machines, including all pinch-type 
devices whatsoever, the creation of ion temperatures of a hundred million de- 
grees or, for that matter, a billion degrees, is not at all sufficient to provide a 
practical fusion reactor. It is true that fusion reactions are performed entirely 
by ions, and the electrons play no measurable role in this whatever. It should 
be borne in mind, however, that it is the electrons that hold the whole con- 
figuration together. If the electrons are cold, the plasma has a high electrical 
resistivity. The magnetic fields of the stabilized pinch them quickly inter- 
diffuse, and instabilities result, destroying the plasma. If the electrons are 
hot, the magnetic fields interdiffuse slowly, and the pinch lasts a long time. 
The economics of the pinch-type fusion reactor will depend almost entirely on 
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questions of electron temperature. If any useful multiplication of input power 
is to be achieved, the plasma containment times will have to be exceedingly 
long (meaning a many second period), and the electron temperature will have 
to be correspondingly high (meaning a hundred million degrees or more). 

In all the stabilized pinch-type devices operated so far, by ourselves and others, 
the electron temperature has been low, the electrical resistivity high, and the 
observed plasma containment exceedingly poor. A good measure of the quality 
of containment is obtained by observing how long the pinch will continue to 
maintain itself after power input has been shut off. This is done by short- 
circuiting the pinch at the time of maximum compression. In all cases ob- 
served so far, the pinch has disappeared in extremely short order, usually in 
times even shorter than the power input time. 

Many of us feel that progress toward a thermonuclear reactor of the stabi- 
lized pinch type depends far more vitally, at this point, on solving the electron 
temperature problem than on obtaining neutrons from real or spurious sources. 
Plasma containment times are so short right now that expensive capacitor-type 
power sources must be used to drive pinch devices. As the pinch devices be- 
come much more energetic and thus consume much more electrical power, the 
expense of large capacitor installations, already in the million-dollar range, 
will become extremely high. It is vital right now to attain higher electron 
temperatures and longer containment times in order that cheap sources of 
electrical energy, such as motor generators, can be applied. To succeed in this 
aim will be very difficult, because of the need for a plasma of extremely high 
purity. All stabilized pinch type devices operated thus far have made plasmas 
of rather low purity, and the techniques of doing better are at a rudimentary 
stage. We think that a good many encouraging hints can be found in the ex- 
cellent work of the Stellarator group at Princeton, and the Zeta group at 
Harwell, but success in this line cannot be expected to come easily or soon. 

By way of summary, let me say that we have operated many neutron-producing 
pinch tubes in the past, and we are studying several devices at present that 
show very promising types of neutron production. In addition, new devices of 
several kinds are being built, with neutronics in mind. We think highly of this 
kind of work, and look forward to the production of demonstrably thermonuclear 
neutrons with the same enthusiasm that has been shown by other laboratories 
in the field. At the same time, we feel very strongly that for the practical pur- 
pose of developing a fusion reactor out of the stabilized pinch, neutronics are 
not at present of demonstrable value, and the emphasis should be placed on 
general plasma physics. In particular, a great effort must be made to clean up 
such obvious faults as low purity, low electron temperature and poor contain- 
ment. If this is done successfully, then neutron production of high magnitude 
will automatically result, and furthermore there may be a chance of authenti- 
eating thermonuclear origin. 

To return to the figure of speech used earlier, we feel that in order to climb 
Mt. Everest we must start, not by looking for snow, but by getting ourselves 
into the Himalayas. When we start seeing Shrepas and 20,000-foot peaks, there 


will be snow as a matter of course, and we will then be ready to attempt a 
serious ascent. 
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Senator Anperson. The next speaker this morning is Dr. James A. 
Phillips, Los Alamos Laboratory. 

Dr. Phillips will describe some of the work that he is conducting in 
stabilized pinch. 

Dr. Phillips. 


STATEMENT OF DR. JAMES A. PHILLIPS,’ LOS ALAMOS 
SCIENTIFIC LABORATORY 


Dr. Puiiuips. I am James A. Phillips, from the Los Alamos Scien- 
tific Laboratory. I have been associated with the group working on 
the stabilized pinch. Iam the group leader who has the responsibility 
for that phase of the work. 

I should like to describe very briefly some of the work that we have 
been doing which has culminated in some rather exciting information. 
As you may remember we found the pinch to be unstable, that is, after 
the pinch was formed in the tube it broke up after a millionth of a 
second or so. 

You may remember pictures such as this, (fig. 1) which shows four 
snapshots of a pinch. These snapshots are of the order of a millionth 
of a second in duration. The bright line down the center of the tube 
is the pinch and the two dark lines are wires fastened to the outside 
of the discharge tube. In the first picture the pinch is quite distinct, 
and in the second picture it is a little fuzzy around the edges. In the 
third picture it is broader and in the last picture it is breaking up and 
coming apart. 

What we have been trying to do in the last few years is to see whether 
or not we could stabilize the pinch. 

To describe how we have been trying to do this it is necessary to 
discuss the two instabilities which worry us the most. The first is the 
kink instability and it occurs in a pinch in this way (fig. 2). If there 
is a small perturbation in a pinch (fig. 2a) it is found that it will grow 
at an ever-increasing rate until it touches the walls (fig. 2b). The 
inner surface of the wall then vaporizes with the result that contami- 
nants come into the discharge. You have heard how serious contami- 
nants are to the program. 


1 Born: Johannesburg, South Africa, May 1917; married 1948; three children. 

Education: B. A., Carleton College, Minnesota, 1942; M. S., physics, University of Illi- 
nois, 1943; Ph. D., nuclear physics, University of Illinois, 1948. 

Professional experience : ‘Tennessee Eastman Corp., Oak Ridge, work on electromagnetic 
separation, 1944-45; Los Alamos Scientific Laboratory, measurement of nuclear cross sec- 
tions of fusion reactions at low energies, 1949-52 ; experimental work in controlled thermo- 
nuclear reactions, 1952-56; group leader of experimental research program on stabilized 
pinch, 1956 to present. 

Societies : American Physical Society. 

Major fields of research : Nuclear physics. 
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Ficure 4. 
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Ficure 5. 


We call the second instability the sausage instability (fig. 3). The 
confining Be field is pushing inward on the pinch and at some points 
may neck off the pinch and stop the flow of the discharge current. 
The necking-off process also grows at an ever-increasing rate. 

The kink instability can be minimized if we place a conducting wall 
around the pinch (fig. 4). The purpose of this wall is to prevent the 
confining Be magnetic field from passing through the discharge tube 
wall. As the pinch moves tower the conducting wall the magnetic 
field lines cannot penetrate the good conductor and are compressed. 
This results in an increased magnetic field between the pinch and the 
wall with a resulting increased pressure on the pinch which prevents 
the pinch from moving too close to the wall. So theoretically we 
could minimize the kink instability by placing a good conductor 
(copper) close to the pinch. 

To stabilize the sausage instability, we could do that if inside the 
pinch we could put some reinforcing rods. The rods that were the- 
oretically worked out were longitudinal (B,) magnetic field lines. If 
a longitudinal magnetic field could be placed inside the pinch (fig. 5), 
remembering that outside the pinch there is the confining field created 
by the current in the pinch, as the sausage instability begins to grow 
these lines inside the pinch would be compressed. This results in an 
increased outward pressure which means that the instability could not 





PHYSICAL RESEARCH PROGRAM 445 


grow indefinitely but would grow to the point where the inward con- 
fining pressure and the outward pressure are equal. Thus the pinch 
would not neck off completely and this instability would be stabilized. 

We have tried to apply these ideas to experimental machines and it 
has been very satisfying that we could create these two theoretical 
conditions in the laboratory. 

The way that this sewer be done is as follows. A conducting wall is 
placed around the discharge (fig.6). On the outside of this conduct- 
ing wall we place a winding which when energized gives the stabiliz- 
ing longitudinal B, magnetic field. We then apply the voltage along 
the tube which initiates the discharge current. This current first 
flows near the wall and as the current rises the inward pressure in- 
creases and the current begins to pinch (fig. 6). The B, field cannot 
pass through this current and is trapped and compressed in the center 
of the pinch. We then have achieved the conditions for the stabilized 
pinch as predicted by the theoreticians. 


SOLENOID CONDUCTING WALL 
By CONFINING FIELD 
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FIGURE 6. 


As the current runs out of the machine the pinch will expand until 
we are back to the initial starting conditions. 

We have been able to do this in the laboratory and we have been 
able to extend the duration of the pinch from a millionth of a second 
to fifteen to twenty millionths of a second, which we feel is a large 
improvement. 

We do not know at the present time just how far we can extend this. 
We have been limited up till now by the energy in our power supplies. 

Having a stabilized pinch it would be of great interest to know if 
we are bringing in the gas. Is there a gas pressure? What is the 
gas temperature and as a function of time is the gas temperature 
rising? To answer these questions we have developed a technique to 
try and measure the gas pressures inside the pinch. 
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PINCH 


FIGURE 7. 


The way we have done this is as follows. First, a little theory, 
not too much, I hope. Consider the pressures which exist in the sta- 
bilized pinch (fig. 7). The confining B@ magnetic field is exerting 
an inward pressure which is given by the intensity of the magnetic 
field squared divided by 87. Inside the pinch we have the longitu- 
dinal B, magnetic field which is exerting an outward pressure of mag- 
nitude B,*/8x. There is hopefully also a gas pressure P which is also 
pushing outward. 

To be in equilibrium the inward pressure must equal the outward 
pressure or, 


Be? BY? ‘ 
8. = 8. +t 


Inward Outward 





So that if we can determine the magnitudes of the B@ and B, mag- 
netic fields it would then be simple to calculate the pressure P. 

We have tried to measure these fields the best way we know how. 
We have done this by inserting a magnetic probe inside the discharge 
and as a function of time measure the magnetic fields throughout 
the tube. 

Right now I should emphasize perhaps that we are inserting a 
material such as quartz into a tube, into a discharge which hopefully 
is very hot, and we do not know at this time how much this probe 1s 
perturbing the hot discharge. That is, the probe may be vaporizing 
at a great speed so that our measurements of a pressure are deter- 
mined on just how badly we may be perturbing the conditions. But 
to date we feel rather confident that all our measurements are con- 
sistent, that we are measuring what we are supposed to. We will 
have to wait for later experiments to make sure that we know what we 
are doing. 

I would like to show a very simple case of some of the measure- 
ments that we have made (fig. 8). You can see the radial dependence 
of the B, and Be magnetic fields which have been experimentally 
measured. When we square the magnitudes of these fields and divide 
by 8x and use a more complicated equation than the one described 
above we come out with a pressure distribution in the tube as shown 
in the figure. We come out with a pressure on the axis of 16 atmos- 
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pheres, which is an increased pressure over what we started with of 
about a quarter of a million. We have compressed the gas and hope- 
fully raised its temperature. 
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Having obtained a pressure, and we think we have been able to 
measure that, then the next question is: Can we measure or calculate 
a temperature ? 

The pressure in the system is given by nkT, where n is the density 
of particles (the number of particles per unit volume), k is a constant, 
and T is the temperature. So if we can make some best guesses as 
to the density of particles, and having calculated a pressure from m: g- 
netic field measurements, we can then calculate T the temperature. 

Indeed in some of these experiments we obtain considerable temper- 
atures by this method. One must recognize the difficulties we might 
get into by this method but the results are rather interesting. 

In the last few months two machines have given results with the 
stabilized pinch which are rather exciting to us. 

The first is Columbus S—4, which has a straight tube. It is of the 
order 5 inches diameter and of the order 24 inches long. We pass 
through this machine a current of something like two-tenths of a 
million amperes and we apply a voltage between 15 and 20 kilovolts. 

When we made the probe measurements and pressure calculations we 
obtained temperatures of the order of 300 electron volts, which is of 
the order of 3,000,000°. 

This was exciting, because with reasonable assumptions as to the | 
particle density we ought to obtain thermonuclear reactions, and we 
ought to obtain neutrons from a thermonuclear yield. 

We wheeled a neutral detector into the room’in which this machine | 
was located and indeed we detected neutrons. Here is a set of curves 
showing the results (fig. 9). The current passing through the ma- 
chine is shown as a function of time. As the current rises, hope- 
fully the pinch is being formed and the gas is being compressed and 
as indicated by our measurements the temperature is rising. 
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Fieure 9. 
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FIcure 10. 


At the maximum temperature and maximum pressure neutrons are 
coming out, as you can see by these different traces from the neutron 
detector. 

When the current drops off the gas expands and one would expect 
that the neutrons, if the thermonuclear, would also drop off as they do. 

Remember, again, that these measurements of temperatures are in- 
dicated from the measurements that we have made. 

The other machine is the er S-3. I have brought with 
me some parts to give you a feeling of what we are playing with 
(fig. 10). This shows you the pyrex discharge tube of Perhapstron 
S-3. You can see the two ports which are used to evacuate the tube 
and through which one makes the probe measurements. 

Senator Anperson. Was this the size of the Perhapsatron ? 

Dr. Pututrs. Perhapsatron S-3. 

Senator AnpErson. You are at a different stage, are you not, now? 

Dr. Putuies. This is the machine that was used in the results just 
released. Actually, to get a larger yield we changed to Vycor for the 
reason that the amount of contaminants is not as bad as in pyrex. 

What we do is to place the glass inside the copper primary and on 
the outside we wind the “B,” winding which will give us the stabilizing 
longitudinal magnetic field. At the feed points is connected the large 
condenser supply which gives a primary current which induces a 
voltage around the tube and gives rise to the discharge current. This 
current pinches toward the center of the tube. 

So far as the behavior of this machine is concerned, the temperatures 
that were obtained from calculations were a little lower than in Colum- 
bus S-4. It was only about 1,250,000°. 
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neutrons as shown in figure 11. Here is shown the current, the gas 
current that goes through two half periods, and also the neutrons 
which are detected by a fast phosphor. The neutrons are seen to 
have a big spike to begin with and then dribble out for a time of the 


order of twenty-millionths of a second or so. Then there are some 


When we put a neutron detector beside this machine we also detected 
which come out a little later. 
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In lieu of the remarks that Dr. Colgate has given, I would like to 
say that we cannot claim unequivocally that we have a thermonuclear 
reaction, but the evidence is such as to make it appear that we are able 
to confine a gas for rather long periods of time, of the order of twenty- 
millionths of a second. I think we can say that temperatures of ther- 
monuclear interest are now being approached and it is going to be an | 
extremely difficult and long task to prove exactly where we are ; whether 
we are going up toward Mount Everest or are on a foothill. 

Senator Anperson. Doctor, how does the time of twenty millionths 
of a second compare with other experiments in this country and 
abroad ? 

Dr. Putuurrs. In this country I believe about twenty millionths, 
which is about what Dr. Colgate has achieved. In Zeta it is much 
longer, if it is stable. That runs to about a thousandth of a second. 

Senator Anprerson. Could you achieve substantially higher tempera- 
tures and densities with more powerful devices? 

Dr. Puiiurrs. I did not quite understand. Higher temperatures 
with higher powered gadgets? Is this your question ? 
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Senator Anprerson. I am wondering if we could get these densities 
a little higher if you had a larger machine, larger tubes, and things of 
that nature. 

Dr. Puiiirs. May I answer the question in the following way: 
This gadget (Perhapsatron S-3) is rather puny and it is small. But 
if one calculates the power level at which this gadget is running dur- 
ing its discharge, it is rather surprising. If we dump through this 
machine 30,000 joules in ten millionths of a second this machine is 
operating at a power level which is equal to that of Hoover Dam. We 
are not worried about the heating of components because the amount 
of energy issmall. However, the forces on this gadget are tremendous. 
When we fire this machine it is almost equivalent to hitting the 
machine with a sledge hammer. Sometimes looking at what remains 
after a machine failure you can realize the tremendous forces because 
the whole glass tube is broken up into tiny pieces. In fact, sometimes 
with our machines we have to go around the room and look for pieces 
which have been thrown about in the explosion. 

So it is not going to be an easy task to proceed from where we are 
to still larger machines. Undoubtedly these are just technical engi- 
neering difficulties which people have to worry about. As we go up 
in power and duration of time, we ought to be a lot further along. 

Thank you. 

Senator Anperson, Thank you, Dr. Phillips. 

The last witness we will have this morning is Dr. Keith Boyer of 
the Los Alamos Scientific Laboratory. Dr. Boyer will speak to us on 
the subject “The turbulent pinch.” 

Before that happens, I wonder, Dr. Gottlieb, if you ought not put 
in the record something about the machine at Princeton. i wendured 
how your model C Stellarator was coming along, when it will be in 
operation. 

Dr. Gorrires. We hope for preliminary operation in about a year 
and a half. A contract has been let with Allis-Chalmers and RCA 
to do the design of this work. They have approximately 40 people, 
professional people, at Princeton now engaged in this preliminary 
design work. As fast as it is ready, as fast as the component design 
becomes completed, we hope to get work started on these components. 

The AEC is cooperating with us in order to speed this up by not 
waiting until the whole design is finished before starting the whole 
fabrication. 

Mr. Ramey. Is this a much larger machine than those we have 
been talking about ? 

Dr. Gorriies. No. It is a much larger overall facility. We use 
external field which means our overall size is quite large. But the 
discharge tube in this case will be 8 inches in diameter. It will be 
quite a complex apparatus with very high fields inside. 

You understand that our approach is basically different from the 
pinch approach and we use external field. Therefore, we need larger 
coils that weigh many tons to produce this field. 

Senator Anperson. Thank you, Dr. Gottlieb. 

Will you proceed, Dr. Boyer? 
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STATEMENT OF DR. KEITH BOYER,' OF THE LOS ALAMOS 
SCIENTIFIC LABORATORY 


Dr. Boyer. Thank you, Mr. Chairman. I am Keith Boyer, and 
I am in charge of some of the more exploratory work in Sherwood 
going on at Los Alamos. I would like to take this opportunity to 
present some of the kinds of experimental work we do at Los Alamos 
to tell you how we go about making measurements. 

While we have quite a number of interesting devices that we are 
working on, I have chosen one that has the advantage of being a bit 
noncontroversial and it is also related to the previous presentations, 
so that it serves to preserve continuity. 

The work I am going to describe was done by Drs. Stratton and 
Sawyer at Los Alamos. It is a very pretty bit of experimental work 
which started out as an investigation of what has been described as 
why the grass is green type of experiment. 

This green grass has proved to make our wandering through this 
particular corner of the Sherwood forest both more pleasant and 
profitable than we might have imagined at the beginning. 

The problem can be stated rather simply as follows: We wish to 
determine and understand the behavior of a pinch discharge that 
forms slowly in a tube with conducting walls which has originally 
been filled with a very weak axial magnetic field. The first measure- 
ments we made on this system concern stability. 

Now, one can see that there are stabilizing influences under such 
an environment by the following considerations: As was mentioned 
earlier, if the pinch is displaced toward the conducting wall by kink 
or other disturbance, it sees its own electromagnetic image in the wall 
and is so repulsed by it that it backs away from the wall before 
touching it. 

On the other hand, if an instability tries to squeeze the discharge 
and pinch it off, it has to compress the axial magnetic field contained 
within the discharge and eventually this compression will build u 
sufficient internal magnetic pressure to resist any applied externa 
pressure, and thus limit the growth of the instability. 

The first experimental measurements were made with a smear 
camera. This is a device which spins the film very rapidly past a 
narrow slit. The record one obtains by such a device is not unlike 
what one might see when looking at a railroad station from the 
window of a rapidly moving train through a narrow crack in a drawn 
window shade. 

If one does not have a fair idea of what lies on the other side of 
this slit one may find the picture very confusing as indeed we found 
to be the case here. So we resorted to another diagnostic tool called 
the magnetic probe. 


1 Received a B. S. degree in electrical engineering from the University of Utah in 1942 
and a Ph. D. from Massachusetts Institute of Technology in 1949. He was a staff member 
of Bell Telephone Laboratories from 1942 through 1945 with design responsibilities for 
several radar systems and directed a group working on high altitude bombing computers. 
He held a research associate appointment at Massachusetts Institute of Technology from 
1945 to 1950 and directed the Massachusetts Institute of Technology cyclotron group. In 
1950 he joined the staff of the Los Alamos Scientific Laboratory and was designated group 
leader of P-12 (cyclotron group) from 1950 to 1957. During this period he was responsi- 
ble for the conception and design of the Los Alamos variable energy cyclotron, one of the 
first variable energy cyclotrons built. In ——- Redwing he was the acting com- 
mander for the Los Alamos Scientific Task Unit. In March of 1957 he transferred to 


Project Sherwood as group leader of group P-15. 
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This is a very tiny coil of wire, protected by a quartz envelope 
which is inserted into the discharge. Together with its associated 
electronic circuitry it gives us a time history of the number of mag- 
netic lines of force threading through the coil window. 

We see in the early history of the discharge a very chaotic behavior 
as shown in the smear camera record at the top of figure one and 
in the probe record at the bottom. However, later on one can see some 
type of periodic disturbance developing in both the smear picture 

| and the proble signal (fig. 1). 
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Now I would like to attempt to explain what is going on here in 
the early phase by ignoring the rapid fluctuations and examining 
the average time behavior. The situation the current finds itself in 
during one of these discharges is not unlike that in which a newly- 
elected candidate to a political office finds himself. Originally he 
has campaign promises which he has made and his course seems 
rather straightforward and clear, as he proceeds along this course. 

However, his actions produce complicating factors which affect 
subsequent events as the situation is now changed. This chain of 
events results in the whole situation becoming much warmer than 
it was originally. Pressures develop, and he is forced to depart from 
the line of least resistance that he might have wished to proceed along 
in order to resist such pressures. 

Let us consider the tube to represent the pinch discharge which is 
contained inside a larger tube. The whole volume is originally filled 
with an axial magnetic field which fills the volume like a bundle of 
straws. The current will try to follow the magnetic lines of force 
as a fluid would flow through the straws. 

However, the current produces a magnetic field of its own which 
twist the magnetic lines of force in an ever tightening spiral as one 
moves radialy outward in the discharge. 

However, it is possible for the current to flow along the resultant 
magnetic field which it helped create, provided all the actual magnetic 
field which was on the outside of this discharge is swept into the 
interior and there is no plasma pressure. 

Now a remark on stability is in order. For this configuration we 
assume the plasma or ionized particles to be frozen on to the field 
lines, if the plasma is very hot. This means if we want to displace 
one of the inner layers in this structure outward we have to displace 
or stretch the outer magnetic lines of force in the layers further out. 
This they resist. They behave like rubber bands or, perhaps better, 
rubber tubes in a bundle, and it requires a force to distort and dis- 
place or stretch these rubber bands or tubes. 

If the displacing forces that arise from the instabilities inside the 
discharge are less than these restoring forces, the discharge will be 
stable. If, on the other hand, these disruptive forces are initially 
greater but the restoring forces increase more rapidly with displace- 
ment due to the stiffness of the bands, then we arrive at a situation 
in which the disturbance will grow for a while and become self- 
limiting. We now have a situation in which one can have either a 
limited form of stability or complete stability, depending on the 
exact configuration arrived at. 

In summarizing I would like to describe what we think we have 
learned from this situation. We have studied a particular type of 
pinch discharge. We have been able to determine and understand 
its internal structure. 

A consideration of this structure has led us to the consideration of 
a different form of stability theory than the ones we have been work- 
ing on until very recently, as this structure has a current with a con- 
tinuous radial distribution rather than a current sheath on the out- 
side of the discharge, as the old stability theory assumed. 

We find that this condition is much more in keeping with all the 
pinch studies that have been made to date and that further stability 
studies along these lines will have to be continued experimentally. 
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We also have witnessed a situation which I would now like to de- 
scribe. We have taken a time average of the magnetic fields as 
measured in time and space and have used our Rosetti Store, the Max- 
well Equation to interpret the results. This gives the current dis- 
tributions shown here, resolved along the three cylindrical axes. 

Figure 2 shows a much simpler interpretation that we have ar- 
rived at by constructing the resultant current distribution. We now 
find that the discharge has formed a pinch with a spiral groove or 
notch in its surface. 

The next problem to be resolved is this: We observe this notch to 
be rotating at a rate of 10,000 to 20,000 revolutions per second. We 


wish to know whether the plasma as a whole is rotating or just the 
notch. 


MAGNE TOHYDRODYNAMIC WAVE 





y ROTATION 


FIGURE 2. 


To measure this we use the spectrograph. To understand what we 
look for here one recalls that in the case of a train which is moving 
by one rapidly, one hears a change of pitch in the train whistle as it 
passes by. If the pinch discharge is rotating while the atoms are 
emitting light, some atoms are approaching ones and some receding 
ones while the light is being emitted. This shifts the frequency 
emitted by the approaching atoms upward and the receding atoms 
ieueeaindh resulting in a broadened spectrum line as seen by the 
spectrograph. 

Since we were able to detect no broadening in this case, we were 
forced to the conclusion that the plasma as a whole did not rotate, 
and that what we were really seeing was the radial oscillation of the 
plasma much like the dimple one would see in the surface of a balloon 
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as one runs his finger around the circumference. This is an example 
of a self limiting type instability. 

The existence of such self-limiting mechanisms gives us some hope 
that we may be able to relax, even if slightly, the criterion for abso- 
lute stability that one has been seeking up to the present time. This 
would probably make our problem much easier. 

Thank you. 

Mr. Ramey. Could I ask you the same question we have asked the 
others, namely, if larger size tubes and more power were used, do 
you think you could have more fruitful experiments ? 

Dr. Boyer. The larger size tube certainly helps because we have 
been in serious wall difficulties in all experiments we have done to 
date. The walls are not capable of handling the rate of energy that 
is being poured into them. 

One can, to some extent, circumvent this difficulty by getting the 
wall area large enough, and the particle density, down low enough 
so that the incident energy on the wall is such that the wall will not 
yaporize. 

(Dr. Boyer’s prepared statement is as follows :) 


THE TURBULENT PINCH 


By Keith Boyer, Los Alamos Scientific Laboratory 


I wish to present a problem typical of those we encounter in the Sherwood 
program; to describe the experimental technique we used to investigate this 
problem ; to discuss the interpretation of the experimental data; and to indicate 
the tangible results which have or may yet come out of the solution to this 
problem. Of course, many of the more important results may seem rather 
incidental to the central problem, but this is often the case. 

The physics of a fully ionized plasma, or more simply a gas (deuterium in this 
case) in which at least one electron is removed from its atom but left in the 
neighborhood so that there is no unbalanced electron charge, is a very complex 
subject. I shall endeavor to use analogies and descriptive terminology to describe 
the phenomena, although this may at times compromise the precision of the 
description. 

Simply stated, the problem is this: What is the internal structure of a pinch 
and how does it behave if the conditions for stability mentioned in the previous 
presentation are not quite met? A weak magnetic fleld (B.) is applied by an 
external coil, or solenoid, and the pinch is allowed to form slowly so that the 
current can penetrate to the center of the pinch instead of being confined to its 
surface. The walls of the discharge tube are conducting. Clearly this does not 
satisfy the conditions for complete stability according to the accepted criteria. 
However, the pinch cannot neck completely off since the magnetic field contained 
in its exerts a greater outward pressure the more it is constricted. Furthermore, 
as the pinch approaches a conducting wall, it sees it own electromagnetic image 
and being repulsed by it, backs away. It has been suggested that these two 
stabilizing influences might already give sufficient stability for practical pur- 
poses. The experiments I am going to describe were done by Dr. T. Stratton 
and Dr. G. Sawyer at Los Alamos. 

High-speed photographs were taken with a device we call a streak or smear 
camera which spins film past a slit. The effect is like that obtained by looking 
through a vertical crack in the shade of a train window as it passes through a 
railroad station at full speed. The picture is apt to be confusing unless one 
already knows what the object behind the slit looks like and indeed this was the 
case here. The photographs looked like nothing, so much as the “push pulls” 
followed by roll arounds” which used to appear in penmanship books for elemen- 
tary grade students or rather a beginners reproduction of them. Next, a device 
we call a magnetic probe was introduced into the pinch tube. This probe is a 
tiny coil mounted in a quartz tube which is connected through electronic circuits 
to an oscilloscope. The trace on the screen records the amount of magnetic 
flux which passes through the window in the coil. The trace of this signal on 
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the scope screen is then photographed for various orientations and positions 
of the probe. From such records an analysis was made using Maxwell's Equa- 
tions to obtain the time average behavior of the current and magnetic fields 
inside the pinch. The fast fluctuations picked up by the probe were completely 
random in pattern at high-pinch currents, showing that the discharge was lashing 
about inside the tube without any discernible pattern. Here is shown a model 
of the magnetic field distribution inside the pinch. 

This model has a certain artistic appeal, but one may well ask why does 
it want to assume such an odd configuration? What does it tell us about the 
behavior of the pinch and was it really worth a lot of effort to obtain? 

In hindsight it is fairly easy to explain why it behaves this way. We started 
out with magnetic lines parallel to the axis of the tube like a bundle of straws. 
The current will start to flow along the magnetic lines because this is the line 
of least resistance in a plasma. However there is a magnetic field associated 
with the current. The field lines surrounding a wire carrying a current, form 
a set of concentric circles about the wire. This field modifies the previous field 
and the current now wants to follow the new direction. At this point it is 
proper to ask if there is any self-consistent pattern in which the current can 
flow along the field lines which it is helping to create. The answer is “yes.” 
It is the one we just measured. However, an extra factor can enter at this 
point. The situation is not unlike that of a man newly elected to office who 
tries to keep his campaign promises faithfully. Keeping some of these may 
cause changes which upset other constituents. Although they were quite happy 
before, all is now changed and a further reaction sets in when the well-meaning 
office holder tries to readjust the situation to provide the least friction or re- 
sistance. However, pressures may arise that he feels he has to resist due either 
to internal sources such as his conscience or good judgment or to external pres- 
sures, and his line of action is no longer along the path of least resistance. This 
is the situation in a plasma if it is hot and exerts pressure on the magnetic 
field. The current now have to flow in a slightly different direction in order 
to support the plasma pressure. 

Interest in the stability properties of such distributions was responsible for 
the development of a new type of stability criteria by B. Suydam and others, 
based on more easily realizable distributions than the current shell model. 
This in turn has modified our thinking about stability. 

Now that the early or “turbulent” history of this pinch has been discussed, 
it is profitable to return to the smear picture and note the regular character of 
the later stages of the pinch. Magnetic probes studies were again made. These 
have a reproducible and periodic behavior. This permitted a technique to be 
worked out in which the time behavior of the three components of the magnetic 
field could be determined for the entire tube. 

This in turn permitted a precise calculation to be made of the current distri- 
butions as a function of time. There is a quasi stable disturbance in the pinch 
which consists of a helical notch or groove in the current rod which is similar 
in appearance and movement to the stripe on a barber pole when the barber is 
open for business. We can now see that this is just what the smear picture 
was trying to tell us, but we thought the language used was German when it 
was really Dutch so there was a communication difficulty. 

The next question to be answered is whether the plasma as a whole, or just 
the notch, rotates. In order to determine this point, another favorite diagnostic 
tool, the spectrograph, was used. Everyone has noticed the change in pitch of 
a train whistle as the train appreaches, passes by, and leaves. This is called 
a Doppler shift and can be detected by the change in frequency or color of the 
light emitted by a rapidly moving atom. If the plasma is rotating rapidly, some 
of the atoms will be rushing toward the observer, and others will be rushing 
away at any instant. This causes a broadening of an otherwise sharp image 
of an emission line in a spectrograph. In the case being considered, the emission 
line remained sharp and narrow, thus the plasma could not be rotating, only 
the notch. Therefore, the surface of the discharge column contains a moving 
dimple similar to the moving depression produced by running ones finger around 
the surface of a balloon. 

We believe that this disturbance is analogous to a sound wave in the plasma 
which we call an Alfven wave and moves at sound speed for the plasma. 

The interest in this phenomenon lies in two facts. It is the first time we 
have been able to follow any plasma disturbance in great detail. Secondly, it 
represents an amplitude stabilized disturbance which exhibits cooperative per- 
formance in the plasma over long distances. We are beginning to be increas- 
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ingly suspicious of theoretical stability arguments which do not take into ac- 
count nonlinear effects or cooperative phenomena. Such effects may make the 
behavior of the pinch more cooperative in some respects and much more un- 
cooperative in others. I feel that an experimental approach to the problem of 
stability is now essential. Rather than devoting all efforts to achieving the 
results predicted by some theories, we are trying to determine what the plasma 
is doing, not what we think it should do. 

Senator Anperson. There are some additional questions of Dr. 
Ruark. This may not be one you wish to answer. Are the present 
funds for Project Sherwood adequate to carry out a vigorous develop- 
ment program ? 

Dr. Ruarx. I think we would be in serious trouble on the budget 
already submitted to the Congress and the President next year, if 
one thinks in terms of vigorous progress. The machinery love get 
heavier and prices do keep advancing. Therefore, my answer must 
be that we do need more, but we hope we can always move responsibly 
under the very difficult financial situation in which the Nation finds 
itself at the present. 

Senator Anperson. I recognize the budget situation. You are not 
supposed to testify once the budget is approved. But I have a right 
to ask you, and then you have a right to answer. So 1 am asking you 
if you do feel there are additional funds needed, and, if you would 
let this committee know, we will be very glad to follow it through 
because I think this is a very promising Feld and I think it is tied 
to some other field. Has the fact that Project Sherwood is classified 
been an obstacle to you in recruiting able young scientists for this 
project? 

Dr. Ruarx. Not aepnsety. It would be impossible to say there 
is not a person missed who would have become interested if he had 
had access to these things. The fact is that, now, a great deal has 
been published under the earlier classification guides. There are 2 or 
3 papers, almost every issue of the Physical Review, and much in the 
ph we journals. So, there is a very widespread interest. 

Then besides this is the activity of the unclassified people in Europe. 
They put out idea after idea, usually a year or a year and a half after 
we have come upon them. As I understand, in all the major projects 
they are not having trouble at the present time in attracting good 
people into the projects. 

Senator ANpEeRsON. May I announce that the subcommittee will re- 
convene in this room tomorrow morning at 10 o’clock. I notice that 
Dr. Van Allen, who has been very much interested in satellites, will 
be on tomorrow. 

May I say that we do appreciate the fine character of the discussion 
we have had this morning, and the speed, I might say, at which it was 
handled. Probably it would have been better if we had put in a full 


day on this, but this is somewhat new. Maybe next week we can work 
it out to where we can spend more time on it. But that does not 
diminish in any way our deep appreciation to those people who have 
participated this morning. 

Thank you very much. 
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(Following are statements and papers on the United States and Uni- 
ted ae controlled thermonuclear programs which were released 


for publication by the United States Atomic Energy Commission on 
January 24, 1958 :) 


UNITED STATES RESEARCH ON CONTROLLED FUSION REACTIONS 


Statement by Lewis L. Strauss, Chairman, United States Atomic Energy 
Commission, January 24, 1958 


The United States Atomic Energy Commission and the United Kingdom Atomic 
Energy Authority today are releasing technical reports by scientists associated 
with certain advanced areas of research in the field of controlled thermonuclear 
reactions. 

The reports deal with a challenging field of research in which work has been 
underway in both our countries for a number of years, independently. Since 
1956 the two programs have been the subject of close cooperation including ex- 
change of results and information as a means of more rapidly reaching the goal 
we both seek. 

Today’s release of the British and United States scientific reports dealing with 
the current results of controlled thermonuclear research was made possible under 
the new Joint Classification Guide recently approved by this country and the 
United Kingdon. Certain areas in this field must remain classified at this time 
in both countries. 

The scientific papers released today by the United States Atomic Energy Com- 
mission, copies of which accompany this statement, include: 

1. A letter to the editor to appear in the January 24 issue of Nature, British 
scientific periodical, from Prof. Lyman Spitzer, Jr., Director of the Commis- 
sion’s controlled thermonuclear work at Princeton University. 

2. Four letters to the editor of Nature, also appearing in the January 24 issue, 
from the group headed by Dr. J. L. Tuck at the Commission’s Los Alamos 
Scientific Laboratory. 

3. A letter to the editor of the Physical Review, United States scientific publica- 
tion, from the group headed by Dr. Chester van Atta at the Commission’s Univer- 
sity of California Radiation Laboratory at Livermore. 

4. A summary of the above scientific papers by the Commission’s Controlled 
Thermonuclear Branch, whose Chief is Dr. Arthur E. Ruark. 

5. Copies of two British papers which also are appearing in the January 24 
issue of Nature, and a press announcement by the United Kingdom Atomic 
Energy Authority summarizing the British papers. 

Although experimental research in controlled thermonuclear reactions was 
begun in laboratories of the United States Atomic Energy Commission as long 
ago as 1951, work was conducted on a very limited scale until after 1953. About 
20 scientists and engineers were so engaged in 1953. Today, more than 500 
persons staff the Commission’s Sherwood program, as this research enterprise 
is known in the United States. These include about 250 scientists and engineers. 

Funds devoted to United States research on controlled fusion have increased 
markedly each year since 1953. In 1954 expenditures were more than twice 
those of the preceding year. They were nearly tripled in 1955 and in the current 
fiscal year we are spending about 30 times the amount spent in 1953. 

The major portion of our research is carried on in five laboratories. They 
are the Commission’s Los Alamos Scientific Laboratory, where the work is under 
general supervision of Dr. Norris E. Bradbury, Director of the Laboratory; the 
Commission’s University of California Radiation Laboratory at Livermore, where 
Dr. Herbert York is in general charge; at Princeton University’s Forrestal Re- 
search Center, under Prof. Henry D. Smyth; the Commission’s Oak Ridge 
National Laboratory, whose director is Dr. Alvin Weinberg, and New York Uni- 
versity’s Institute of Mathematical Science, whose director is Prof. Richard 
Courant. 

Supporting research is being carried on by several other organizations, both 
academic and industrial, and American industry is kept abreast of the work 
through AEC access permits. 

After the United States-United Kingdom decision to declassify results of work 
on controlled thermonuclear reactions (except for certain areas) and following 
necessary concurrence of the two countries on a revision of the Joint Classifi- 
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cation Guide to accomplish this, conferences began with a view to releasing the 
newly declassified information as early as possible in 1958. It was agreed that 
January 24, 1958, was the most convenient date. 

Assertions that United States pressure was used to persuade the United King- 
dom authorities to suppress publication of the results of their research are con- 
trary to the fact and have been refuted by Sir Edwin Plowden, Chairman of the 
United Kingdom Atomic Energy Authority, and by me. 

Furthermore, certain comparative observations which have been published 
in recent weeks about British and United States progress in this field will be 
seen from today’s British and United States papers to have been not only mis- 
leading but lacking in any foundation of fact. 

Today’s announcements make it clear that fruitful and promising results 
have been achieved in the laboratories of both countries but we should not ex- 
pect early harnessing of fusion for the production of power. In the field of 
fusion, we are not yet at a point comparable to December 2, 1942, when the 
first self-sustaining fission reaction was obtained. 

Our research efforts and those of the United Kingdom are at a point where 
it occurs, periodically, that first one laboratory and then another will make a 
useful and illuminating advance. This has happened in the past, and no doubt 
will occur in the future, as our two countries pursue their studies. 

As I stated on December 18, and as is borne out in the scientific papers re- 
leased today, both we and the British have succeeded in producing and main- 
taining quite high temperatures in a plasma of light nuclei, and the contain- 
ment of such a plasma for brief but nevertheless appreciable lengths of time. 
But today’s reports make it clear that much longer containment must be ob- 
tained and much higher temperatures reached. 

Two main conditions are necessary for the attainment of power producing 
thermonuclear reactions. First, heavy hydrogen must be brought to a tem- 
perature of at least 100 million degrees centigrade. Secondly, the atomic nuclei 
in this hot gas must be held together for an appreciable time. 

When the temperature reaches several million degrees centigrade—a result 
reached in both United States and British laboratories—neutrons are emitted 
in quantity. However, at such a temperature far below 100-million degrees it 
is a delicate and difficult matter to distinguish the neutrons produced by fusion 
and those arising from other processes which are not of particular interest for 
controlled thermonuclear reactions. Today’s reports suggest the achievement 
of neutrons from thermonuclear reactions, but their mode of origin must be 
positively established. This can be done only by experiments as I have pre- 
viously noted. Such experiments are continuing in both the United States and 
the United Kingdom. 

The progress achieved by scientists and engineers associated with the Com- 
mission’s Sherwood prorgam is promising and encouraging and today’s reports 
strengthen confidence which I have had for many years that the difficulties in the 
way of controlled fusion will eventually be overcome. As will be seen from 
Dr. Ruark’s analysis of the newly released technical reports, certain discoveries 
are narrowing our approach to the major problems involved. 

We are making important progress but the problems are formidable and it 
will be a matter of years before we will be able to build and operate commercial 
reactors utilizing the deuterium of the oceans, thus to produce electrical power 
and provide a source of energy sufficient for man’s expanding needs for ages to 
come. 

It appears that years of intensive work will probably be required to develop 
a laboratory thermonuclear device which would yield more energy than it con- 
sumes. And after that, it will require more years to develop a full-scale power 
producer. Therefore, the controlled thermonuclear program will not interfere 
with the current development and construction of reactors to produce electricity 
from nuclear fission. 

However, the results of our research in the fusion process are sufficiently en- 
couraging and the ultimate rewards are so great as to justify the necessary ex- 
penditures of money, time and talent. 

The Commission is proud of the work of the scientists and engineers in its 
Sherwood program. We congratulate the United Kingdom Atomie Energy Au- 
thority and its scientists and engineers for the notable advances which they 
have made. We are happy with the cooperation which we have established 
with our British friends in this field of science and we confidently expect it to 
expand the frontiers of knowledge. 





PHYSICAL RESEARCH PROGRAM 461 


BACKGROUND INFORMATION ON UNITED STaTES CONTROLLED FUSION RESEARCH, 
SUPPLIED BY THE CONTROLLED THERMONUCLEAR BRANCH, DIVISION OF RESEARCH, 
Untrep States AEC, ArtHur E. Rvuark, Cuter. RELEASED JANUARY 24, 1958 


It is a pleasure to compliment the British and Los Alamos groups for the 
interesting and important experiments now being reported. We shall say 
relatively little about the British papers because they are admirably covered by 
the British press release. All the papers from the British and American labora- 
tories deal with electrical discharges carrying high momentary currents. 


PART I. THE AMERICAN PAPERS 


The Los Alamos papers describe a series of advances. The first one deals 
with a method for determining the product of the temperature and the number 
of particles per unit volume. Since there are ways to get at the number of 
particles per unit volume, such measurements amount to a determination of the 
effective temperature of the hot gas. This technique, using measurements of 
the magnetic field in the gas, is fully described by L. C. Burkhardt, R. H. Lov- 
berg, and J. A. Phillips.. 

The second paper, by D. C. Hagerman and J. W. Mather, describes the produc- 
tion of neutrons in a straight pinch tube. The apparatus, called Columbus II, 
began to yield significant results last summer. Columbus II was designed to pour 
electric power into the pinch tube in as short a time as possible. The tube is 
fed by 25 special condensers which are shown as a ring of large cans in figure 1 
of the paper. All these condensers, hooked in parallel, feed the current into the 
tube when a pulse is applied by the breakdown of a suitable spark gap. Under 
various conditions the tube can be made to yield between 10 million and 100 
million neutrons per pulse and these are emitted in a time of about one-millionth 
of a second, or less. In actuality two currents—a small one and a large one— 
are applied, in succession. It was found that the number of neutrons is reduced 
somewhat by the application of a weak longitudinal magnetic field, but this is 
to be expected, according to theory. 

Elaborate tests were undertaken to determine whether most of the neutrons 
are produced by thermonuclear reactions, or whether they are emitted at the 
electrodes or walls, or from instabilities in the gas. The neutron yield increased 
by a factor of 2 when the voltage was raised from 40 to 50 kilovolts. By catch- 
ing the neutrons in very sensitive photographic plates placed around the dis- 
charge tube it was possible to study the question, does their energy correspond 
to a case in which the deuterons are moving in all directions or to a case in which 
they are moving with great speed toward the cathode? Actually, this is not a 
black-and-white situation. Both groups should be expected. It was found that 
there was a group of deuterons traveling toward the cathode with a speed of 70 
million centimeters per second. Nevertheless, the results were encouraging be- 
cause the neutrons are emitted from the gas and they come practically uniformly 
from all parts of the tube, except a region of 2 inches near positive electrode, 
where the yield is low, as it ought to be. 

The third paper, by L. C. Burkhardt and R. H. Lovberg, deals with a straight 
pinch tube called Columbus S++. It was constructed to study the effect of greater 
length and greater tube diameter. The tube is a porcelain cylinder 5 inches in 
diameter and 24 inches long. It showed that there can be circulating currents in 
the tube at certain times during the pinch process. There are indications that 
particle energies of 300 electron volts (or temperatures of about 3 million degrees) 
were attained, in spite of the fact that it was operated at voltages below 20 
kilovolts. When the tube was started with pressures of only 40 microns of mer- 
cury (about 50 millionths of an atmosphere), the pressure became 12 atmospheres 
at the time when the diameter of the current column was smallest. This occurs 
about 6 microseconds after the current starts. 

Perhaps the most significant observation with S—4 is that the field produced 
by the pinch current is highly reproducible over several half cycles of the applied 
voltage. This is shown by figures 1A and 1B of the paper. 

The fourth paper is by J. Honsaker, H. Karr, J. Osher, J. Phillips, and J. L. 
Tuck. It describes the production of neutrons from a stabilized pinch in a small 
doughnut shaped tube, which is called Perhapsatron S-3. This tube, which 
came into operation in December 1957, yields as many as a million neutrons per 
discharge, under suitable conditions. The main burst of neutrons occurs in a 
time of about 2 microseconds. Smaller bursts continue to occur for several addi- 
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tional microseconds. It is stated that the results are consistent with an effective 
temperature of about 6 million dégrees. There is good evidence that the pinch 
is well centered while the applied current is high. It undulates slightly, but the 
motion has an amplitude of only about 2 millimeters. These observations suggest 
that the discharge is well-stabilized; herein lies their great interest. 

Results on false neutrons obtained at Berkeley and Livermore are discussed 
by the UCRL group, in a letter to the editor of the Physical Review, now being 
released. After describing many interesting experiments these writers conclude 
that “a thermonuclear yield cannot be proven by a large number of corroborating 
neutron measurements, but instead must in addition be in agreement with a 
basic understanding, and with measurements of the plasma physics.” 

We think this should not be interpreted as throwing doubt on the importance 
of the results now being released from Los Alamos. The UCRL conclusion 
correctly calls attention to the need for studying the plasma by a variety of 
methods. The work is not easy and it takes time. It will be necessary in one 
case after another, as the technique improves. 

The British results with ZETA have been analyzed by L. Spitzer, Jr., professor 
of astronomy at Princeton University, and Director of Project Matterhorn. His 
analysis shows that the deuterons in ZETA must be accelerated to the observed 
high temperatures by some unknown process. 

When a strong discharge is produced in deuterium gas, the deuterium atoms 
are split up into their component elements, electrons and deuterons. The elec- 
tric voltages applied to the gas in ZETA would be expected to accelerate the 
electrons primarily. According to theoretical expectations, the accelerated 
electrons then impart their energy to the deuterons in elastic collisions, as be- 
tween billiard balls. The analysis by Spitzer indicates that the rate at which 
deuterons can be accelerated by such collisions is too slow to explain the observed 
rate at which the deuterons in ZETA are accelerated to energies corresponding to 
several million degrees. Hence some unknown process must be effective in 
ZETA. 

A similar conclusion, based on experimental results obtained at Matterhorn 
in 1956, had been obtained by T. Stix, who developed the methods for comparing 
theory with observation. A temperature of 1.2 million degrees was obtained in 
a helium discharge, in a race-track tube 4 inches in diameter and 96 inches 
axial length. Elastic collisions between electrons and the nuclei of helium 
atoms were definitely insufficient to account for the observed rate of heating. 

This unknown process may be related to some of the complicated processes 
observed in conventional gas discharges. How this process behaves under differ- 
ent conditions may be of great importance in the design of a controlled thermonu- 
clear reactor. 

PART IT. SUMMARY 


1. Straight tubes and doughnut tubes are available at the Los Alamos Scientific 
Laboratory which give well stabilized pinch discharges. 

2. These tubes give substantial numbers of neutrons in the short time of a few 
microseconds. The great majority of the neutrons come from the hot ionized 
gZas. 

3. The character and timing of the signals in the neutron detectors, and other 
physical measurements, encourage the view that the fraction of the neutrons 
which arise from unwanted voltages due to the instability in the gas or from 
collisions with the walls and the electrodes, is relatively small. 

4. While there are some difficulties about stating temperature figures for any 
gas which carries substantial current, the temperatures computed by commonly 
used methods, are several million degrees. More specifically, the situation in 
recent months has been roughly as follows: 


| 








Conventional 

3 Neutrons temperature 

Tubes per pulse (in millions 

(in millions) | of degrees 
centigrade) 
IE BO soe cn cna amnnlemak S oatesbh manatee cael’ tas al 1 

8-4, straight, larger.........____- Sawer MON aee tee Sea eete eid ce ebee eoe oh ; 
LG. Mein desks bc telnet ay. Ge A bind es Se as 1 6 














PHYSICAL RESEARCH PROGRAM 463 


5. For orientation, the temperature at the center of the sun is usually quoted 
as 20 to 30 million degrees. At this temperature a gas composed of equal parts 
of deuterium and tritium would produce just about enough nuclear energy to 
make up for its radiation losses. But these experiments were with deuterium 
alone. For this case the temperature required would be about 400 million de- 
grees. (The figure of 100 million commonly given is just a rough figure used for 
ease of discussion. ) 

6. It is clear that with still more powerful and somewhat larger apparatus, 
the results above can be and will be exceeded. For this reason we have stated 
that the work must be judged in view of the promise it holds out, and not on 
the basis of the results reported. 


PART III. SCIENTIFIC BACKGROUND 


Magnetic forces around an electric current 


We want to explain how such a current can form its own “magnetic bottle,” 
permitting the gas in the discharge tube to rise to very high temperatures. 

Many readers will remember that an electric current is surrounded by a mag- 
netic field. The lines of force of this field show the direction in which a north 
magnetic pole of a compass would move if it were brought near the current. 
These lines of force are circles with their centers on the wire carrying the cur- 
rent (fig. I). It makes no difference whether the current is carried by a wire 
or by a gas, after the fashion of a neon light. Two kinds of electric charges 
earry the current. First there are the negative electrons, passing from the neg- 
ative end to the positive end. These electrons are torn loose from some of the 
atoms by a strong applied voltage. The parts of the atoms which are left be- 
hind are positively charged and are known as ions. These pass in the opposite 
direction, from the positive end to the negative end (fig. IT). 


The pinch effect 


When the current is very strong an entirely different behavior is found, be- 
cause the current produces very large magnetic forces, which dominate the sit- 
uation. 

It is a basic law of electricity that when a charged particle in rapid motion 
passes across magnetic lines of force, there is a push on the particle. But this 
push is not along the magnetic force lines. On the contrary, the push is at right 
angles to the lines of force and to the direction which the particle is heading. 
(The magnetic field “pushes on the shoulder” of the particle, like a football 
player trying to shove his opponent out of bounds) (fig. ITT). 

In the case before us, the charged particles are under the combined action of 
the applied voltage and the magnetic force at the same time. This makes the 
situation a bit more complex. We shall not attempt a full explanation of the 
particle paths. However the net effect is that both the electrons and the ions 
are shoved toward the center line of the current. Thus the discharge automat- 
ically pinches itself down to a smaller diameter. This is the pinch effect. The 
gas in the current channel is compressed and gets hotter. 

The pinch effect was predicted theoretically in 1934 by Dr. Willard Bennett, 
now at the Naval Research Laboratory. To the best of our knowledge, the first 
clear experimental proof of the effect was supplied in 1951 by Dr. A. A. Ware, 
now at the laboratories of Associated Electrical Industries. Pictures of the pinch 
discharge have been published by the Los Alamos group in the Journal of Applied 
Physics, volume 28, page 519, for May 1957. 


Why the pinch is studied 


Work on pinched discharges in heavy hydrogen (deuterium) is now going on in 
a number of countries. These efforts are inspired by the hope that the gas can 
be made hot enough, and be confined long enough by its own magnetic field to 
yield fusion power. When the gas is fairly dense and very hot, the nuclei, the 
deuterons, will collide violently and repeatedly. 

Here the emphasis is on the word repeatedly. For the last quarter century, 
people have been causing deuterons to fuse. This is done with a suitable accelera- 
tor. A stream of deuterons is fired at a target which contains deuterium. Each 
bombarding deuteron encounters a number of other deuterons before it comes 
to rest in the target, but only a small number of the collisions are effective. Most 
of the bombarding deuterons are simply wasted without being transmuted. 

The goal of the current research is to improve this situation. In the hot gas 
of a pinch tube all the deuterons are moving. If one deuteron is slowed down, it 
transfers part of its energy to another, which in turn may pass the energy on to 
still another, and so on. This argument shows in a general way how essential 
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it is to make the gas very hot and fairly dense, and to confine it as long as 
possible. 


The difference between fusion reactions and thermonuclear reactions 


Here we should explain the nuclear reactions which occur when two deuterons 
react. In about half the collisions the nuclear material is rearranged to give 
a proton and a triton, which separate with great speed. In the other one half of 
the reactions the products are a neutron and a nucleus of helium 3. In both cases 
there is a great release of nuclear energy. 

The neutrons escape freely through the walls of the tube and can be studied 
outside with a variety of detection instruments. 

If two ions collide and fuse we call this a fusion reaction. If two ions in a uni- 
formly hot gas collide and fuse we call this a thermonuclear reaction. (The two 
words have been used interchangeably in the vernacular, but this is to be re- 
gretted. ) 

Even in a very hot gas (plasma) a collision between two ions resulting in fusion 
is rare. The vast majority of collisions simply result in an exchange of energy 
between the 2 ions similar to the collision of 2 billiard balls. If a hot ion is to 
stay hot, until it makes a fusion collision, it must only collide with other hot 
particles and not with cool ones. Otherwise it will be rapidly cooled. Thus if 
we could make a gas uniformly hot, we would greatly increase the possibility 
that fusion reactions will take place, for a given amount of energy input to the 
gas. This condition of uniformly hot ions is very desirable since it means that 
we could produce the most fusion energy output for a given energy input. (The 
ratio of output to input primarily determines the possibility of making an efficient 
fusion reactor.) Herein lies the importance of trying to approach the condition 
of uniformity as closely as possible. 

The observation of neutrons in our experiments is one indication that the gas 

. is hot enough to produce thermonuclear reactions. But such observations cannot 
be expected to prove that the gas is uniformly hot and hence that we have 
achieved conditions most favorable to producing power by fusion. 


Instability of the pinch 


In this country experimental work on the pinch effect has been going on at Los 
| Alamos and at the Radiation Laboratory of the University of California for a 
‘ number of years. The early efforts brought some troubles to light. The discharge 
i would wander to the wall, liberating impurities from it and cooling off the hot 
gas. Measures to prevent this were ineffective. At that time the behavior of 

i the gas was not well enough understood. 
Then it was proved by calculation that this behavior must be expected. Proofs 
were given by Kruskal and Schwarzchild of Princeton, and by Bostick, Combes, 
and Levine at Tufts University. These scientists showed that when the pinch 
wanders a little from its central position, the distortion of the magnetic field due 
to the current brings extra forces into play. These forces increase the distortion 
of the current channel further. Attention may be called to some diagrams and ex- 


planations of this trouble, given by Richard Post in the Scientific American, 197, 
73, December 1957. 


How the trouble was cured 


Asking the pinched current to stay quietly in the middle of the tube is some- 
thing like asking a boa constrictor not to constrict. Still, ways to do it were 
found. In this country, the solution was found by Levine, Combes, Fitzsimmons, 
and Zimmerman. (See Bulletin of the American Physical Society, series II, 3, 
39.) There were also calculations by M. Rosenbluth at Los Alamos, and in 

England similar work was done by R. J. Tayler of Harwell. It is not entirely 
i clear what the degree of understanding was in other countries. The pinch in a 
‘ straight tube can be stabilized by two measures. 

The first is to apply a magnetic field along the tube before the voltage is 
applied. As the gas pinches down, it carries this magnetic field with it. The 
presence of the field insice the hot gas provides it with a kind of backbone. 
But the field applied along the tube (by means of a suitable coil) must be 
carefully chosen if good results are desired. 

The second measure is to enclose the discharge in a highly conducting wall. 
There are two ways to do this. In one of them, a metal tube is used as the 

i conducting wall. It must have insulating gaps to prevent short circuiting the 
applied voltage. In the other method, a conducting wall is provided outside 
an insulating wall (usually quartz). 

The action of the conducting wall is as follows: When the pinched discharge 
wanders slightly from the central position, it induces eddy currents in the wall. 
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By a well known law of electricity, these currents are in such a direction that 
their magnetic forces push the discharge back toward the center. 


False neutrons 


This is the place to explain that when the pinch is not stabilized, there are 
at least two ways in which neutrons can be produced, without originating from 
repeated thermal collisions in the gas. First, deuterons which hit the walls can 
react with others which are absorbed on the walls, or buried in the wall material. 
Second, if the plasma (the ionized gas) breaks up into a number of irregular 
current channels, large voltages may arise between the various channels, and 
in other ways. Deuterons can be accelerated by these internal voltages, and when 
they strike their neighbors, can react just as though they had been speeded up in 
an ordinary accelerator. 

Both these methods of producing neutrons are considered undesirable, because 
the number of effective collisions with the neighbors is relatively small. 

There is also a complicating circumstance. It is well known that the prob- 
ability of an effective nuclear collision increases very rapidly as the energy 
of the bombarding particle rises. For example, let us consider a thermonuclear 
reaction in deuterium. If one raises the temperature from 5 million to 10 million 
degrees centigrade, the power output from the nuclear collisions increases by 
a great factor, about sixteenfold. Under present conditions, the fastest particles 
are the most effective neutron producers. This means that the two unwanted 
processes above may give enough neutrons to mask the ones coming from real 
thermonuclear reactions. 

Of course, the words “false neutrons” are merely laboratory slang. All the 
neutrons are alike. A neutron coming from an unwanted process carries just 
as much energy as one which comes from a more favored portion of the gas, 
which is quietly going about its business of producing thermonuclear power. 
What we want from the gas is energy. The energy released is divided between 
the charged particles and the neutrons produced by the transmutation. The 
neutrons simply happen to be a convenient tool for studying the discharge and 
improving its properties. 

The false neutrons have been encountered by workers in several countries. 
Kurchatov discussed them at Harwell in 1956. In 1955 they were studied at both 
Los Alamos and the Radiation Laboratory of the University of California 
(UCRL). The UCRL results are described further on. 


A word about temperature 


It is not quite correct to use the word temperature in describing the condition 
of manmade thermonuclear plasma. Originally it was used as a measure of the 
energy of the molecules, in cases where a body is quietly confined in a vessel, so 
that the various parts are all similar in their properties. This would be the 
case, very nearly, for a small body of gas near the center of the sun. But ina 
pinched discharge there are necessarily currents, and the discharge gives out 
X-rays in great quantity. Under such conditions one can calculate a number 
of different values for what we may call an effective temperature, or nominal 
temperature. For example, from the neutron output we get a value which might 
be called “the temperature, judged by the neutrons.” It is simply the value 
which the temperature would have to be, in a quiet plasma, in order to give the 
number of neutrons observed. Similarly, there can be a temperature calculated 
from the X-ray output, and so on. The various temperatures will not agree. 


In unskilléd hands they can lead to confusion, but in the hands of experts, they 
ean be used with confidence. 


The real problem in pinch research 


The problem is to handle the gas skillfully so that it is as hot as possible and 
is confined as long as possible, each time a large burst of current is passed 
through the tube. Pinch devices are deceptively simple in structure and appear- 
ance, but their behavior is complicated. Hard work lies ahead to improve the 
technology, step by step. The significance of the technical papers outlined below 
lies more in the hopes they raise, than in the current state of the art. The Los 
Alamos group, in particular, is now getting pinches which are confined for a 
satisfactory is now getting pinches which are confined for a satisfactory length 
of time. The neutrons are emitted in such quantity, and at such times, that one 
infers the plasma must be well stabilized. 

The techniques here and in the United Kingdom are based on the same prin- 
ciples, but the apparatus employed is quite different, reflecting different judg- 
ments as to the most convenient way to proceed. Now the experimenters have 
something to build on, something worth while to study. 
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COOPERATIVE PHENOMENA IN HOT PLASMAS 


Lyman Spitzer, Jr. 
Princeton University 


The interesting results described by Thonemann and his co-workers, in their paper pub- 
lished in this issue of Nature, provide not only an important step forward in the controlled re- 
lease of thermonuclear energy but also a challenging problem in the dynamics of fully ionized 
gases or plasmas. The spectroscopic line profiles and the neutron counts provide incontro- 
vertible evidence for the acceleration of the positive ions. However, theory would seem to in- 
dicate that electron-ion collisions are inadequate to explain the observed rate of heating, and 
some unknown mechanism would appear to be involved. 

The rate at which the positive-ion temperature increases, as a result of electron-ion col- 
lisions, has been given elsewhere.’ It has been suggested both in Britain and in the United 
States that this process might be inadequate to explain the rate at which positive ions gain en- 
ergy in certain electrical discharges. A relatively simple procedure, due to Stix,? may be used 
to set an upper limit on the rate at which positive ions are heated by electron-ion collisions. In 
this method the heating rate is maximized by setting the electron temperature equal to three 
times the ion temperature, T,, and setting the electron density equal to a constant, ng, corre- 
sponding to complete ionization and concentration within the discharge channel of all the gas 
initially present in the tube. On this basis (with In A set equal to 15, see reference 1) T, is 
given by the relation 


Tf = 1.71 x 107? ngt (1) 


where T, is in degrees Kelvin, n, in electrons/cm’, and t in seconds. 
To determine the density in the Zeta experiments, we compute the radius, ry, of the dis- 
charge channel on the assumption that the flux of the axial magnetic field, B,, is held constant 
in the gas during the contraction, and that the field, Bg, due to the current equals the com- 
pressed axial field at the boundary of the discharge. As a result of the high temperatures 
achieved in Zeta, appreciable leakage of axial flux out of the discharge does not appear to be 
possible. Neglect of the finite gas pressure decreases the computed channel radius, increases 
Ne, and again maximizes the rate of increase of T;. On these assumptions, values of ry have 
been computed for two currents, and an initial B, of 160 gauss, and are listed in the second 
column of Table 1. 
These values of r, are somewhat less than the 20 cm cited by the Harwell group. The values of 
ng in the third column correspond to complete ionization of all the deuterium initially present 
in the torus, at a pressure of '4 y, and its concentration in the current channel. The value of T; 
for the lesser current in column 4 is taken from Table 1 in the paper by Thonemann et al. and 
is based on the neutron yield. The value of T, at the greater current is the temperature ob- 
tained from the Doppler width of the OV doublet, as shown in Figure VI of the Harwell paper. 
The ton temperature obtained from the neutron yield under this condition is about 50 per cent 
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greater, but no information is available on the time at which the neutrons appear in this case. 
In the fifth column are given the values of the time, in seconds, required for the positive ions 
to reach this temperature, computed from Eq. 1. 

For comparison, the final column lists the observed times, in seconds, at which the posi- 
tive-ion energies reach the values corresponding to the fourth column. For the lesser current, 
this is the time at which the neutron yield reaches one-half its peak value, as shown in Figure 
IV of the paper from Harwell. For the greater value of current, tobg is set equal to the time at 
which the OV radiation reaches its peak intensity, as shown in Figure V of the Harwell paper. 
The simplifications made have tended to reduce tipneor, and the correct value may be about an 
order of magnitude greater than given in Table 1. Thus the discrepancy seems real. There 
does not appear to be any simple model, based on a quiescent plasma, which is consistent with 
the observed rapid heating of the positive ions, 


Table 1 
I, amp rg,cm ne, cm? eae Side tobs 
126,000 16 8.6 x 108 3.3 x 10° 4.0 x 1078 1.0 x 1073 
140,000 14 1.1 x 10" 2.5 x 10° 2.0 x 1078 1.0 x 1079 


Following a suggestion by the Harwell group as to the importance of nonthermal heating 
processes, Stix® in 1956 arrived at conclusions similar to the above from experimental data 
obtained at Project Matterhorn. A discharge was produced in helium gas in a stainless-steel 
racetrack tube of 10 cm diameter and 240 cm axial length, with an initial pressure of 0.63 » 
and an externally produced axial field of 19,000 gauss. The magnetic field was arranged so that 
intersection of the outer lines of force with material walls restricted the discharge to a channel 
of 5 cm diameter. A loop voltage of 300 volts was applied around an iron transformer thread- 
ing the racetrack, and a maximum current of 8,000 amp observed; since this current produces 
only a minor perturbation in the magnetic field, there was no pinching of the discharge. Time- 
resolved spectroscopic profiles of the He II line, A 4686, indicated that the kinetic temperature 
of these ions increased to 1.2 x 10® °K in 1.5 x 10~* sec, as compared to a theoretical maximum 
value of 0.8 x 10° degrees in this same time interval. 

It has been known since‘the work by Langmuir® that electrons in a conventional gas dis- 
charge approach a Maxwellian distribution much more rapidly than can be explained by inter- 
particle collisions, Recent research by Gabor and his collaborators‘ has shown that oscilla- 
tions generated in the plasma sheath are responsible for much of this effect, but the detailed 
mechaniem is still unexplained. Possibly the high ion energies observed in Zeta represent a 
phenomenon related to Langmuir’s paradox. To analyze the possible processes involved, such 
as oscillations, shocks, and hydromagnetic turbulences, it would be helpful to obtain informa- 
tion on the extent to which the positive-ion velocities are thermalized, i.e., on how nearly the 
distribution function is isotropic and Maxwellian. Evidently, detailed experimental investiga- 
tions of these cooperative effects in hot plasmas will be of great interest in basic physics. 
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NEUTRONS FROM A STABILIZED TOROIDAL PINCH 


J. Honsaker, H. Karr, J. Osher, J. Phillips, and J. Tuck 
Los Alamos Scientific Laboratory, Los Alamos, N. Mex. 


Hydromagnetic calculations on idealized models of the pinch have indicated that stability might 
be attained by a combination of a central axial magnetic field and conducting walls, provided 
that certain restrictions on compression and 87p/B? (p = plasma pressure) are obeyed.’ The 
problem is actually more complicated than these simple models suggest, especially when the 
finite thickness of the boundary layer between external magnetic confining field B, and internal 
magnetic stabilizing field Bz is taken into account. 

Experiments at Los Alamos on straight tubes® using magnetic probes have measured sub- 
stantial plasma pressure confinement with appreciable stability by these means. It proved un- 
expectedly difficult to do as well in toroidal geometry because of the technical difficulty of 
inducing high-voltage gradients and also because of the presence of unavoidable gradients in 
electric and magnetic fields across the discharge tube cross section. After a progression of 
machines extending over several years, Perhapsatron S-3 began to show (mid-1957), by mag- 
netic probe measurements,’ more symmetrical detachment of the current channel from the 
walls. This apparatus is shown in Fig. 1. 3, 

Figure 2 shows a magnetic pressure measurement with plasma pressure, nkT, determina- 
tion made in Perhapsatron S-3 at two stages in the current wave t = 4 usec, 2.0x 10° amp, and 
t = 6 wsec, 2.3 x 10° amp. Such curves show penetration of the B, magnetic field toward the 
pinch axis with some increased confining current density along the axis and little current out- 
side the pinch. The nkT is evaluated by substitution in the pressure balance equation, 


2\T2 " /p? 2 
(xr +=) a (72.2) ar +c 
80 Y% 4n % r r 


where B’ = Bj, r and R are the radius of curvature of Bg and B,, respectively, and C is a con- 
stant evaluated at some position at which nkT is known. The calculations of nkT are not pre- 
cise since (1) the radii of curvature of the magnetic field lines are assumed from symmetry 
and (2) uncertainties of the position of the discharge axis seriously affect the integration in its 
vicinity. The pressures are consistent with appreciable average temperatures, >125 ev. Also 
the cooling effect of impurity influx from the walls is suggested by the lower pressures at 

6 psec, compared with those indicated at 4 psec. This is paralleled by the rise in impurity 
spectral line intensities [Fig. 3(f)] emitted from the discharge, up to this time quite faint. It 
was also observed that the small magnetic probe, diameter 1.7 mm; when extended into the 


discharge caused the impurity lines to appear earlier. This suggests that the temperature would 
be higher and the current sheath thinner when the probe was absent. 
































“jujodpsej snjoi ay2 3e YT" g0°O 
JO QOUBIONPUT PMIDeUUOD [#101 & YITM (Ax OZ 3¥ SOINOf OOS HH) JN GZZ SI AQsUSPUOD sy] “(WO Z’9T snipes sofew) ArewrId 
raddoo aya jo jyey JaMO] By) UT paiioddns uMoYs $1 E-s UONESdeYyJag JO (WID G9°Z SNIPE! JOUTUI) snzOI sse[B sy. —y “B14 





RESEARCH PROGRAM 


PHYSICAL 





470 











— 
~ 
= 


PHYSICAL RESEARCH PROGRAM 





‘UMOYS OS[R OI" SUOTIBIEp}sUOS eoUKTeq GINsseid WO pezE[NOTwO sUOTINGII}STp (LyxU) einsseid 
[elzeywu ey], ‘oes g pus F = } 38 SNIPes Jo UOTJOUNY B SB SUOTINGII}81p einsseid ple}; OousEW—zZ “314 


WD ‘sniavy W> ‘sniavy 
4 st Ol $0 0 Sz oz s‘l ol 


2W2/S3NAG gl “3YNSS 3d 


$0 





W2/S3NAG gl “38NSS Id 





472 PHYSICAL RESEARCH PROGRAM 





es _is | 


TIME, «SEC 








Fig. 3——Multiple beam oscilloscope traces as a function of time of: (a) Neutron capture y rays from a 
cadmium loaded liquid scintillator. Capture half life ~30 usec; (b) gas current; (c) proton recoils from 
a fast scintillator; (d) gas current; (e) secondary voltage; (f) intensity of silicon line, 4128 A. 
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A large liquid scintillator (43 cm diameter, 50 cm high) showed neutron emission (Decem- 
ber 17, 1957) of 10‘ per discharge. Substitution of a quartz (Vycor) torus for the one of pyrex 
glass raised the average output to 2 x 10° neutrons per discharge. Addition of a laminated iron 
core improved the coupling in the early stages of the current cycle before it saturated and gave 
a further small increase. Neutron yields up to 10° per discharge have been observed. 


GENERAL NEUTRON CHARACTERISTICS 


Neutron intensity versus time as detected by a proton recoil scintillation counter shows a 
burst of duration of approximately 2 psec starting at approximately 3.0 usec, after gas break- 
down with successive smaller bursts superimposed on a tail of duration 10 to 15 psec [Fig. 
3(c)]. It seems definite that some neutron emission continues on through the discharge current 
zero and occasionally up to and beyond the second current maximum (approximately 30 usec). 
A pulse of neutrons is at times associated with the second current zero, approximately 60 psec. 
This may have interesting implications. There is a well-defined optimum Bz, with no yield at 
zero B, (Fig. 4). The yield rises with diminishing deuterium pressure and the lower limit in 
this direction is determined by failure to obtain gas breakdown, Fig. 4, (even with RF preexci- 
tation). The yield is sensitive to contaminants and to the quality of the base vacuum pressure. 
Five per cent nitrogen reduces the yield by a factor of 2 (Fig. 5). Yields are variable at fixed 
operating conditions by a factor of about 3. 

X rays appear in a sharp burst, duration of approximately 1 usec, approximately 0.9 psec 
after gas breakdown which is before the time of neutron emission. Little or no x-ray yield is 
observed under the conditions of maximum neutron yield. The x-ray intensity increases with 
deuterium pressure; whereas the neutron intensity increases with decreasing pressure. At 
high pressures, 400 yy, x-ray energies as high as 0.9 Mev have been measured with 12-kv 
primary voltage and 5000 gauss Bz», 

A spectrogram taken during three complete discharges at 11 A/mm dispersion over the 
range 3000 to 6600 A shows a strong continuum throughout, with a few lines greatly broadened 
approximately 30 A tentatively identified as Si II, Si II. 


EXPERIMENTAL LIMITATIONS 


One of the central features of the design of Perhapsatron S-3 is the thinness (0.3 cm) of 
the glass walls of the torus and its close fit to the metal primary, based on the unequivocal 
predictions by theory of the bad effect of B, external to the pinch on stability. This has made 
the glass torus very fragile and easily broken by strains transmitted to it from the heavy 
primary under electromagnetic forces. The neutron yield rises between 14- and 15-kv primary 
voltage with higher voltages limited by glass torus failure. A precision alumina porcelain 
torus when delivered is expected to reduce these difficulties with the possible added advantage 
that alumina is known from other experiments to be superior to quartz in the contaminants it 
supplies to the discharge. 


DISCUSSION OF RESULTS 


A temperature of 600 ev (compression 9) would be consistent with the observed yield of 
neutrons, and the pressure balance equations would support this. Magnetic probes indicate that 
the pinch undulates as a whole with an amplitude of about 2 mm. The diminution in neutron 
yield after the initial burst is a matter for concern and finds an explanation in terms of cooling 
by the influx of impurities (approximately 3.6 psec). The observed sensitivity to impurities is 
supporting evidence for a thermonuclear reaction but has been misleading in the past, witness 
the great sensitivity of instability neutrons to impurities .°~° 

It is fairly safe to say, that at any rate the fringe of thermonuclear temperatures approxi 
mately 500 ev is being approached. The principal anxiety arises from the fact that it is pre- 
cisely at this point that conditions are ideal for simulation of a thermonuclear reaction by a 
Fermi mechanism.'! Reflection of deuterons from magnetic disturbances traveling at the 
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Fig. 4—Neutron yield versus initial longitudinal B, magnetic field and deuterium gas pressure. The ex- 
perimental points are averages of several runs with variations of a factor of 3 in neutron yield. ©, B, 
field. 4, deuterium pressure. 
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Fig. 5——-Neutron yield versus per cent nitrogen contaminant, mean of several runs. 
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Alvén speed, v B’/4zp, gives deuterons in the 12-kev energy range after very few reflections, 


yet a small fraction of the gas, 0.6 per cent with this energy, equals the thermonuclear yield 
of a plasma at 600 ev. Nor is it easy to distinguish the two experimentally. Refined nuclear 
emulsion techniques could do it but would require several thousand discharges to accumulate 
enough intensity at the present output level of Perhapsatron S-3. Comparison of yields with 
DD and DT gas fillings can also be used, but it requires more reproducibility than prevails at 
present. 
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MAGNETIC MEASUREMENT OF PLASMA CONFINEMENT 
IN A PARTIALLY STABILIZED LINEAR PINCH 


L. C. Burkhardt, R. H. Lovberg, and J. A. Phillips 
Los Alamos Scientific Laboratory, Los Alamos, N. Mex. 


The distribution of currents in a linear pinched discharge in deuterium has been measured by 
the use of small magnetic probes inserted into the plasma.' This report of work performed in 
mid-1956 describes the current distribution in a discharge which compresses a longitudinal 
magnetic field originally set up in the tube by an external coil. The stabilizing properties of 
an included longitudinal field have been discussed theoretically elsewhere. 

The discharge tube was of the Columbus design’ with a 6.8 cm I.D. and an electrode spac- 
ing of 30 cm. Energy was stored in a capacitor bank of 75 ufd at 10 kv. The connecting circuit, 
consisting of ten ignitrons and coaxial cables in parallel, had an inductance of 0.12 ph, which 
allowed a peak current in the discharge of approximately 1.5 x 10° amp. 

The magnetic probes consisted of 44-turn coils of No. 40 wire on 1-mm-diameter forms. 

These were encapsulated in slotted hypodermic tubes which provided electrostatic shielding, 

and these in turn were surrounded by quartz jackets for insulation from the plasma. The coil 

output was integrated by an RC network and displayed on an oscilloscope whose sweep was 

triggered by the initial derivative of discharge current. | 

Plots of the Bg and Bz fields were made by firing the tube and photographing the traces 
from the appropriately oriented probe at each of a family of equally spaced radial intervals. 
These traces of B(t) for different radii were used to construct curves of B(r) for separate 
times. Differentiation of these traces then yielded distributions for jg and j,. The requirement 
for good reproducibility of traces from shot to shot was well met up to approximately 3 psec, 
when the discharge, not completely stabilized by the 1000 gauss Bz, went into a kink instability 
and became turbulent, filling the tube. 

The experimental results for a discharge in 600 » D, with 1000 gauss B, applied initially 
are shown in Figs. 1, 2, and 3. The discharge is seen to compress to approximately one-third 
the tube radius and oscillate about a mean value. The Bz field is compressed within the main 
current sheath. 

If B, 4nd Bg are known throughout the tube and if one assumes the pinch to be in an 
equilibrium state, the plasma pressure may be calculated from the equation 


jx B=Yp 
In this case the pinch was not entirely in equilibrium, as evidenced by a tendency to 


“bounce” slightly at maximum compression. However, pressure balance calculations were 
made at times when the sheath acceleration was zero, where the above equation also applies. 
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Fig. 2—Contour plot of axial j, current density as a function of time, Same con- 
ditions as in Fig. 1. 
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Fig. 3—Contour plot of Bz magnetic field as a function of time. Same conditions as in Fig. 1. 
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Fig. 4—B, and B, magnetic fields plotted as a function of radius at 2.5 ysec under conditions of Fig. 1. The radial 
material pressure as calculated from pressure balance considerations is also shown. 
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Figure 4 shows a plot of Bz(r), Be(r), and P(r) at 2.5 usec after firing of the discharge. 
The pressure corresponds to a kinetic temperature of approximately 10 ev if all the gas is 
assumed to have been swept in with the current sheath. In later stages in the discharge the 
maximum temperature before breakup was about 40 ev. 
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NEW CONFINEMENT PHENOMENA AND NEUTRON 
PRODUCTION IN A LINEAR STABILIZED PINCH 


L. C. Burkhardt and R. H. Lovberg 


Los Alamos Scientific Laboratory, Los Alamos, N. Mex. 


A linear discharge device,' designated Columbus S-4, has been constructed to test the effect of 
increased tube diameter and interelectrode spacing on the properties of a B,-stabilized pinched 
discharge. The apparatus utilizes the same capacitor bank as that employed in the magnetic 
probe experiments (75 pfd, 20 kv) with the external inductance reduced to 0.075 uh. The dis- 
charge tube is a 5.0 in. L.D. porcelain (Mullite) cylinder with 24-in. spacing between electrodes. 
A close fitting cylindrical return conductor of '1;,-in. stainless steel provides negligible delay 
in the 2-msec rise of the longitudinal (Bz) field which is set up by an external solenoid and ca- 
pacitor bank. Provision has been made for radial insertion of a magnetic probe halfway between 
the electrodes. 

From the time of its initial operation, this tube has exhibited properties qualitatively dif- 
ferent from those observed in previous experiments. Initia] observations of optical spectra 
from the discharge were made with a monochromotor of approximately 1 A resolution which 
looked along the tube axis. After the tube had been operated for about one-hundred discharges, 
it became impossible to detect the spectra of the common impurities such as silicon and oxy- 
gen until the peak of the second half cycle of discharge current. The photomultiplier gain was 
set an order of magnitude higher than the value adequate for use on previous systems. The Hg 
line, at these conditions, appeared with considerable amplitude during the initial discharge cur- 
rent rise, dropped to an almost undetectable amplitude near the first current maximum, and 
remained faint until the second current maximum, when it again became prominent. The rise 
in gas pressure after each shot was less than 5 per cent. Operating conditions for the above 
observations were: 


Condenser voltage (V), volts 1.5 x 10 
Bz, gauss 1750 
Deuterium pressure, » Hg 40 

Imax, amp 2.5 x 10° 
Time to first current peak, psec 6 


Magnetic probe measurements of the Bg and Bz fields were made at these conditions and 
for times extending through three half cycles of the bank current. Although the shot-to-shot 
reproducibility of the probe traces becamg imperfect after 3 psec owing to an apparent small 
amplitude flutter of the plasma column, the spread in the trace amplitudes was still sufficiently 
small to allow the plotting of meaningful field distributions and the calculation of approximate 
plasma pressures. Figures la and b are Bg records for radii of 6.4 cm (the tube wall) and 4.4 
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Fig. la—Four superimposed traces of Bt) for a radius of 6.4 cm (tube wall radius). 
The capacitor bank current is shown in opposite polarity. Sweep: 5 usec/cm. 





Fig. 1b——Bg traces for r= 4.4 cm. 





Fig, 2—Traces of plastic scintillator output versus time. Sweep: 2 ysec/cm. 
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cm, respectively. Four traces are superimposed in each picture, and the capacitor bank cur- 
rent is also displayed in opposite polarity. The sweep speed is 5 ysec/cm. An unexpected ef- 
fect is seen to manifest itself after a time of 3 usec. Whereas before this time the amplitudes 
display the 1/r dependence characteristic of all current being within 4.4 cm radius, this de- 
pendence breaks down at later times in the half cycle; in particular, the amplitude ratio be- 
tween the two sets of traces at 10 usec exceeds a factor of 2. This implies the existence of a 
sheath of negative current just inside the tube wall. The same conclusion can be drawn by com- 
paring the Bg amplitudes at the zero of input current; no net current flows inside the tube since 
Bo at 6.4 cm is zero, yet about 5 x 10‘ amp is flowing inside 4.4 cm radius. A circulation of 
current is evidently taking place inside the tube. Later in the cycle it is seen that when the 
central core current has dropped to zero, the entire bank current is flowing in the outer sheath; 
this proceeds to pinch, and the above process repeats. It is noteworthy that contaminant spectra 
appear only at the compression of this second sheath; wall materials have apparently collected 
in it during its relatively long existence at the wall. 

A pressure-balance calculation has been done using the B, and Bg amplitudes at 6 psec 
after the starting of current, i.e., at the current maximum. The plasma pressure at the tube 
axis and at this time appears to be about 12 atm; if the plasma is assumed to be uncontami- 
nated and pinched to the same radius as the longitudinal current, the temperature should be in 
excess of 300 ev. 

Since a temperature this high, together with the assumed central density, should result in 
an easily detectable neutron yield, i.e., the order of 100/cc-ysec, a series of counter experi- 
ments was performed. A plastic scintillation counter was found to give pulses centered at the 
current maximum, and tests with paraffin interposed between the counter and discharge tube 
established the radiation to be neutrons. The yield was found to be too small to activate a 
silver foil counter to significantly greater than a background count, and it was concluded from 
the known counter calibration that the total yield was fewer than 10° per discharge. The num- 
bers of counts observed in the plastic scintillators made it apparent that some of the discharges 
yielded more than 10° neutrons. The number has not been accurately fixed at the present time. 
Figure 2 shows the output of the scintillation counter for several successive discharges, along 
with a trace of the condenser current. In this instance, the condenser voltage had been raised 
to 17.5 kv. 

Runs were made to measure relative neutron yield as a function of bank voltage, Bz, D, 
pressure, and contaminant fraction in the gas. The yield over the half cycle was obtained by 
integrating the photomultiplier anode current for this time. Ten shots were taken at each con- 
dition of the system. In Figs. 3, 4, 5, and 6 the relative yield for each discharge is plotted as a 
small dot, whereas the mean values are horizontal bars. 

It must be remarked that most of the data plotted in the above figures were taken at condi- 
tions more favorable for neutron production than those used for the magnetic field measure- 
ments. However, counts were observed in significant numbers at 15-kv bank voltage and 1750 
gauss B_; typically, one observed the order of 10 counts per discharge in a 5- by 5-in. cylindri- 
cal plastic scintillator placed 8 in. from the center of the tube. At this condition, as in Fig. 2, 
the neutrons are produced in a time interval 4 psec wide, centered near the current maximum. 

Although the pinch configuration for the case of the measured field distribution (15-kv 
bank voltage, 1750 gauss Bz) is clearly stable against breakup by kinking and the 16-kv 1500 
gauss condition also appeared stable in this sense from initial probe surveys, it is not estab- 
lished that the runs which involve higher ratios of bank voltage to Bz are stable. One must, 
therefore, allow the possibility that the neutron output in the lowest B, and highest bank voltage 
cases results from some acceleration mechanism associated with instability. Even in the con- 
figuration whose Bg traces are shown, the fluttering of the fields near maximum current may 
represent strong local field inhomogeneities which could provide a particle accelerating mecha- 
nism. It is clear, however, that the variations of yield with V and Bz are consistent with a 
thermonuclear origin of the neutrons since the plasma compression and current density are 
sensitive to variation of these parameters. 


The lower limit of gas pressure was set by the inability of the tube to break down at less 
than 40 yp. 
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NEUTRON YIELD (ARBITRARY UNITS) 








Fig. 3——-Neutron yield versus capacitor bank voltage. Dots represent yields for individual discharges; 
ten discharges were measured at each value of V. The bars are mean values for the ten points. B, = 1500 
gauss. P= 40 D,. 
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NEUTRON YIELD (ARBITRARY UNITS) 
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A contaminant of 5 per cent air in the deuterium reduced the neutron output to less than a 
tenth of its normal value. 


Work is progressing on the problem of determining pinch stability for the conditions where 
it is now uncertain. An effort will also be made to measure the degree of energy isotropy of the 


neutrons, since anisotropic energy distribution has in the past identified the neutron yield from 
several devices as being nonthermonuclear.” 
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NEUTRON PRODUCTION 
IN A HIGH-POWER PINCH APPARATUS 


D. C. Hagerman and J. W. Mather 


Los Alamos Scientific Laboratory, Los Alamos, N. Mex. 


In the work on fusion power devices several investigators’* have studied the neutrons pro- 
duced by forming a pinch in deuterium. This paper reports on those neutrons coming from the 
LASL device known as Columbus II (July 1957). In view of the fast growth rate of instability 
amplitudes in the pinch, Columbus II was designed as a high-powered machine in which the 
current reached its maximum value in as short a time as possible. 


APPARATUS 


The Columbus II main condenser bank (Fig. 1) consists of twenty-five 0.8-yufd, 100-kv low- 
inductance condensers placed on the periphery of a circle 14 ft in diameter. The transmission 
line that connects the condensers to the centrally located discharge tube consists of two circu- 
lar copper sheets separated by a 4 -in. polyethylene insulator. This bank is switched by a 
graded vacuum spark gap,° which is located above the discharge tube. The condenser bank is 
charged by a Marx generator in 90 psec. The inductance external to the discharge tube is 
0.035 uh which implies that, under short-circuit conditions at 100 kv, the maximum current 
capability is 2.5 million amp. Typical operation is at 60 kv with a gas current of 1 million 
amp and a rise time of 2 usec. In addition to the main high-voltage bank, a second low-voltage 
bank (60 ufd, 20 kv) was available and could be used to form a partially stabilized pinch in the 
discharge tube before application of the high-voltage bank. The reason for this two-stage 
operation was the hope that the low-power pinch could be adiabatically compressed by the high- 
power bank beyond the region of stability to a high transient temperature. Axial magnetic 
fields up to 10 kilogauss were provided by an auxiliary low-voltage condenser bank. Ceramic 
discharge tubes (30 cm long, 10 cm in diameter) of sillimanite were found to allow operation 
up to 55 to 60 kv. An interesting difficulty has until now prevented all effective use of the 
machine above 60 kv. The pinch phenomena can be identified by characteristic voltage or, in 
the case of extremely low-inductance supply, such as this one, current fluctuations observed 
during the discharge cycle. These are found to disappear at voltages above 55 kv as do the 
neutrons. 


EXPERIMENTAL RESULTS 


Low-voltage (Preheater) Bank Alone 


Neutrons were produced in short bursts (0.1 to 0.3 psec long) occurring approximately at 
the time of the first and second contraction of the pinch. The maximum yieid of neutrons was 
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2 x 107; the yield decreased by a factor of 6 by the addition of a 23-gauss axial magnetic field 
which suggests that these neutrons may be produced by some instability mechanism. One form 
of instability mechanism is discussed in reference 3. 


High-voltage Bank Alone 


Figure 2 shows di/dt and i for 50-kv operation. The neutrons appear shortly after the first 
contraction, as indicated by the small dip in the current. Figure 3 shows typical neutron pulses 
with and without an axial (B,) magnetic field. With no B, field a short (0.3-ysec) neutron burst 
with little or no tail is observed. A small B, field lowers the relative height of the initial 
burst of neutrons and enhances the number of neutrons appearing in the tail of the neutron 
pulse. Neutron pulse durations of up to 1.5 usec were observed with B, fields as small as 
200 gauss. The total yield of neutrons was rather insensitive to the axial magnetic field, 
dropping by only 55 per cent when the field was changed from 0 to 125 gauss. The maximum 
yield observed for zero B, field was 3 x 10° neutrons. The dependence of the neutron yield on 
pressure and helium contamination showed (1) that the yield was proportional to the pressure 
increasing a factor of 2.3 between 70 and 200 microns and (2) the fraction f of the helium con- 
tamination lowered the yield according to the relation (1 —f)* (these results were obtained with 
a B, field of 200 gauss). Figure 4 shows the axial neutron-energy distribution from nuclear 
plates situated behind the cathode and anode. The observed energy shift of ~0.17 Mev cor- 
responds to a 20-kev deuteron colliding with a deuteron at rest or to a group of interacting 
deuterons traveling toward the cathode with a velocity of 7 x 10’ cm/sec. Plates were also 
exposed radially at three positions along the discharge-—the results are compatible with a 
uniform neutron distribution from the cathode to within 5 cm of the anode beyond which the 


yield is lower. All the plate exposures were made with a 200-gauss B, field and 50-kv bank 
voltage. 


Operation of Banks in Combination 


These results are preliminary: 

1. Time sequence operation was achieved; however, timing had little effect on neutron 
yield if the fast bank was timed prior to the development of instabilities in the first stage 
pinch. 

2. Neutron pulse widths were ~ 1 sec. 

3. Neutron yields were approximately 10'/pulse. 

4. Ninety gauss of axial magnetic field reduced the yield by a factor of 3. 

5. Neutron yield increased by a factor of 2 in going from 40 to 50 kv on the HV bank. 
In Table 1 the above results are compared with those reported by other laboratories. 


DISCUSSION 


The dependence of neutron yield (row g, Table 1) on applied magnetic field, helium con- 
tamination, gas pressure, and voltage, as well as the long neutron pulse duration suggests a 
neutron-production mechanism different from the usual instability process. However, it is 
clear, from the anisotropy in the neutron-energy spectrum at 200-gauss axial magnetic field, 
that directed motion of the reacting deuteron system exists. This anisotropy is smaller than 
that reported (rows b, c, Table 1) for instability neutrons without axial magnetic field even 
though the applied electric field in Columbus II is appreciably larger. 
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NEUTRON PRODUCTION IN LINEAR DEUTERIUM PINCHES* 


Oscar A. Anderson, William R. Baker, Stirling A. Colgate, 
Harold P. Furth, John Ise, Jr., Robert V. Pyle, and Robert E. Wright 


oe 


University of California Radiation Laboratories 
Berkeley and Livermore, California 


(Received December 27, 1957) 


During experiments performed in 1954, we observed neutrons from a linear deuterium pinch, 
similar to observations described later in the excellent report of Kurchatov.' 

The simple theory of the dynamic pinch is now rather widely understood’~® so that only 
a brief summary of some of the ideas will be given. If a longitudinal electric field is sud- 
denly applied to a cylinder of ionized low-density gas, a longitudinal current flows in a thin 
layer at the surface of the plasma and the column collapses radially under the magnetic 
pressure. A shock wave preceding the current sheath goes through the axis and reverses 
the direction of the current sheath, causing the column to expand. The plasma may expand 
and contract several times before instabilities destroy the ordered motion, and the dynamic 
“bouncing” can be observed by the voltage changes across the circuit. Each bounce can be 
recognized by the characteristic change in inductance, and consequently the hydrodynamic 
behavior can be compared quite accurately with theory. This theory’ is in sufficient agree- 
ment with the hydrodynamics observed so that the first bounce time can be predicted to 
within a few per cent from known values of condenser capacity, voltage, inductance, tube 
diameter, and initial gas density. With this basis for believing the theory, the ion kinetic 
energy just before first bounce can be predicted accurately, and in the case of these experi- 
ments was quite high, 215 ev, and so—perhaps naively —a thermonuclear yield was thought 
possible. 

The circuit used is simply a large capacitor bank, 12 uf, charged to 30 to 50 kv in series 
with a spark gap switch and a linear, cylindrical pinch discharge tube. A large number of 
discharge tubes were tried in order to optimize neutron yield. For the results quoted here 
the pinch tube was quartz 7.5 cm in diameter by 45, or, in some cases, 90 cm long. 

Neutrons were identified as soon as deuterium gas was used in the discharge —10' to 
10° neutrons per pulse. The first measurement that created an optimism that the neutrons 
might be from a thermonuclear origin was the timing of production. This showed that the 
neutrons were generated at the second or third bounce time when the external voltage across 
the tube was small —7 to 10 kv compared to the original 40 to 50 kv —and also at a time 
when the additional irreversible heating of reflecting shocks — bouncing —could be expected 
to give the maximum temperature. 

The following experiments, performed in a few months, no doubt could and should be 
done more accurately, but the enthusiasm for even a qualitative understanding outweighed 
consideration of long running-time for better statistics: 

1. The neutrons were observed at the time of the second or third bounce in a pulse 0.2 
to 0.3 usec long. 
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2. The yield was observed to be uniform along the length of the tube with a fractional 
length resolution of 10 per cent and a magnitude resolution of plus or minus 20 per cent. 
The yield fell to one-half value plus or minus 20 per cent opposite either electrode. 

3. By means of our absorption measurement the neutron yield was observed to originate 
from the region of the central axis of the tube with a full width at half maximum of 1.5 cm 
compared to a tube diameter of 7.5 cm. The observed width seemed to be due to fluctuations 
in the position of the pinch from shot to shot and therefore indicated that the reacting column 
was less than 1 cm in diameter. 

4. The neutron yield —although erratic from shot to shot —was strongly quenched by 
the addition of a small percentage of the order of Y, per cent of argon but is reduced only 
stoichiometrically by addition of helium. 

5. The yield was observed to originate simultaneously along the length of the tube within 
a time difference of 5 per cent of the transit time of a 50-kev deuteron from one electrode to 
the other, thereby excluding the possible mechanism of a sheath drop at one electrode ac- 
celerating a few deuterons through the plasma and causing reactions within the plasma 
column. 

6. The neutron yield became a maximum with initial deuterium pressure at 200 » Hg 
and fell by an order of magnitude at 50 and 500 yp, respectively. 

7. The neutron yield increased rapidly with capacitor voltage from 15 to 30 kv but then 
leveled off and became a maximum by 40 kv. The yield was actually reduced at 50 kv. 

8. An initial axial magnetic field of 100 gauss reduced the neutron yield by a factor of 10. 

These experiments were strongly suggestive of a thermonuclear origin with the possible 
exception of numbers 6, 7, and 8, but these could be explained away on the basis of possible 
interference with the process of initial ionization and sheath formation. The yield, however, 
of 10" to 10° neutrons per pulse was inconsistently large compared to a calculated thermo- 
nuclear yield from the dynamic heating, and so a nuclear emulsion experiment was per- 
formed in order’'to observe any inconsistency in the center-of-mass velocity distribution of 
the reacting deuterons. 

One characteristic of a thermonuclear reaction is that the reacting center of mass of 
any two deuterons should be statistically stationary in the laboratory frame of reference. 
This is in contrast to the case of an accelerated beam striking a target, in which case the 
reacting center of mass has a directed momentum equal to the incident particle momentum 
in the beam. The resulting velocity of the reacting system results in a nonisotropic velocity 
distribution (in the laboratory frame), and so consequently the reaction products will show a 
nonisotropic energy distribution. 

9. The range and consequently energy of proton recoils due to neutrons from the linear 
pinch were observed in nuclear emulsion plates exposed at either end of the pinch tube. The 
calculated neutron energies were then interpreted in terms of the energy required of an 
incident deuteron colliding with a deuteron at rest to give the observed neutron energy in the 
direction of observation. The resulting histogram clearly showed a shift corresponding to 
50-kev deuterons striking deuterons at rest in the direction corresponding to the accelera- 
tion of a deuteron in the applied electric field. This shift was toward higher energy at the 
negative end of the pinch tube, and correspondingly there was an equal and opposite shift 
toward lower energy at the positive end of the pinch tube. These distributions interchanged 
appropriately when the polarity of the supply voltage was changed. The full width at half 
maximum was about equal to the shift, but the reproducibility with change in supply voltage 
polarity left no doubt that a thermonuclear origin was clearly excluded and that we were 
dealing with some kind of accelerating mechanism that in some cases gave deuterons up to 
200 kev. 

The denial of the optimistic conclusion of a thermonuclear yield despite so many fa- 
vorable results was indeed a sobering experience. A theory for the acceleration of the 
deuterons due to the rapid growth of the m = 0 or sausage instability’® has been developed 
that qualitatively accounts for the observed behavior. After a bounce or two this instability 
has grown far enough so that its later nonlinear growth is very rapid indeed. The voltage 
across such an instability due to its corresponding large and rapid change in inductance 
becomes of the order of 50 kv when the radius becomes small, like one-tenth the pinch 
radius. Deuterons accelerated across this potential will give approximately the observed 
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yield and, in addition, in agreement with experiment, one would expect a small amount of 
trapped axial magnetic field to stabilize this instability at the small radius required for the 
high voltages. In a recent different experiment on a dynamic deuterium pinch partially 
stabilized by an external axial magnetic field, we have observed a small neutron yield (of 
the order of 10°) strongly correlated to the growth of the m = 1 or corkscrew instability. We 
can recognize the growth of this corkscrew mode quite uniquely by observing the large, 
sudden, and rapid change (decrease) in the external axial magnetic field component due to 
the effect of wrapping the pinch into a helix with its resulting “solenoidal” field. The pitch 
of this solenoid is always just such as to decrease the external field and so can be recognized 
as a major change in the symmetry of the pinch. A reacting center-of-mass velocity dis- 
tribution measurement has not been made because of the small yield; however, it seems 
highly unlikely that an axially shifted distribution can originate from a deformation in which 
the electric fields are clearly circular rather than axial. In the event of a symmetric dis- 
tribution, a thermonuclear origin still cannot be claimed because the likelihood of a small 
accelerated component seems justifiably high, considering the sobering experience in the 
case of a straight dynamic pinch. It is therefore tentatively suggested that a thermonuclear 
yield cannot be proven by simply a large number of corrobarating neutron measurements 
but instead must in addition be in agreement with a basic understanding and with measure- 
ments of the plasma physics. 
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Public announcement issued by the U. K. Atomic Energy Authority in London 
January 24, 1958 


CONTROLLING THE FUSION REACTION RESULTS OBTAINED WITH HARWELL’S 
ZETA 


Research at Harwell with the latest apparatus has led British scientists to 
the conclusion that control of thermonuclear reactions for electricity generation 
may well be a possibility for the future, though its practical application is still 
a long way off. 

The operation of present atomic power reactors is based on the fission (or 
splitting) of atoms. The possibility now being explored is the harnessing of 
power from the fusion (or joining) of atoms which provides the heat for the 
stars. 

Results obtained from the Harwell apparatus ZETA suggest that thermo- 
nuclear neutrons have been obtained, but further experiments will be necessary 
before this can be proved conclusively. Temperatures reached in this apparatus 
have been as high as 5 million degrees centigrade, higher than the measured 
surface temperatures of any star. 

Many major problems have still to be solved before its practical application 
ean be seriously considered and the work must be expected to remain in the re- 
search stage for many years yet. If it proves ultimately possible to construct 
a power station operating on the fusion of deuterium, the oceans of the world 
will provide a virtually inexhaustive source of fuel. 

On August 12, 1957, a large experimental apparatus for studying the con- 
trolled release of energy from thermonuclear reactions was started up at the 
Atomic Energy Research Establishment, Harwell. On August 30 this apparatus 
was first operated under conditions that produced nuclear reactions; neutrons 
emitted in these reactions were observed when deuterium gas was heated elec- 
trically to temperatures in the region from 2 to 5 million degrees centigrade. 
The hot gas was isolated from the walls for periods of two one-thousandths to 
five one-thousandths of a second. The heating process was repeated every 10 sec- 
onds. The high temperatures achieved, together with the relatively long duration 
for which the hot gas has been isolated from the tube walls, are the most im- 
portant experimental results obtained so far. While much longer times (perhaps 
several seconds) are required for a useful power output, there appears to be no 
fundamental reason why these longer times, together with much higher tem- 
peratures, cannot be achieved. 

The source of the observed neutrons has not yet been definitely established. 
There are good reasons to think that they come from thermonuclear reactions, 
but they could also come from other reactions such as collision of deuterons 
with the walls of the vessel, or from bombardment of stationary ions by 
deuterons accelerated by internal electric flelds produced in some forms of un- 
stable discharge. 

In the ZETA apparatus the number of neutrons produced by each pulse of ener- 
gy as the current was double was roughly that which might be expected from a 
thermonuclear reaction at the measured temperatures. These temperatures 
have been definitely established. 

NOTES 


As the Atomic Energy Authority have stated in their last two annual re- 
ports, research has been in progress for some years to investigate the possibility 
of producing energy in a controlled manner from thermonuclear reactions. Over 
2 years ago design began of a large installation for this work and in August 
1957 the apparatus, which is called ZETA (for Zero Energy Thermonuclear As- 
sembly) started up, with the results described above. The reaction being 
studied in ZETA is that in which deuterons (nuclei of the heavy hydrogen iso- 
tope deuterium) collide with one another and fuse to form heavier nuclei, re- 
leasing energy and some neutrons in the process. For fusion to be possible the 
deuterons must have enough energy to overcome the initial electrical forces of 
repulsion between them; this necessitates heating the deuterium gas to tempera- 
tures of millions of degrees centigrade. The hot gas must be kept away from 
the walls of the container ; otherwise it falls in temperature. 

The principle adopted in ZETA is to pass a large electric current through the 
deuterium gas. This current sets up an electric discharge in the gas (analogous 
to the discharge in a neon advertising sign) which heats it and also produces 
an intense magnetic field around the column of hot gas. This magnetic field 
causes the discharge to become constricted and hence heated still more. Since 
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it also causes the discharge to wriggle ubout, this field by itself is not enough 
to keep the discharge away from the.walls. The wriggling has been suppressed 
by applying an additional steady magnetic field parallel to the axis of the tube. 

In ZETA the discharge chamber is a ring-shaped tube or torus of 1 meter bore 
and 3 meters mean diameter, containing deuterium gas at low pressure. The 
tube is linked (i. e. encircled over part of its length) by the iron core of a large 
pulse transformer. A current pulse of electricity is passed into the primary 
winding of the transformer from a bank of capacitors capable of storing 500,000 
joules of energy. This pulse in turn induces a very large unidirectional pulse 
of current in the gas, which forms a short-circuited secondary for the trans- 
former. Peak currents up to 200,000 amperes have been passed through the 
ionized gas for periods up to 5 milliseconds. The current pulse is repeated 
every 10 seconds. Emission of neutrons throughout the current pulse is ob- 
served regularly in routine operation of ZETA with deuterium; there are up 
to 3 million neutrons emitted per pulse. 

The temperature of gas discharges may be determined from measurements 
on the light emitted by the gas atoms but measurements of this kind in these 
experiments present problems because, at the temperature of the discharge, 
the hot deuterium atoms are completely stripped of their electrons and there- 
fore do not emit a line spectrum. 

One method of solving this problem is to mix with the deuterium a small 
quantity of some heavier gas, such as oxygen or nitrogen, the atoms of which 
are not stripped of all their electrons under these conditions, and to study the 
spectral lines emitted by this impurity; the random motion of the high-energy 
impurity atoms which make many collisions with the deuterium atoms and so 
reach the same energy causes the spectral lines to broaden, owing to the doppler 
effect and the amount of broadening is a measure of the ion energy. Many meas- 
urements by this method have indicated temperatures in the region of 2 to 5 mil- 
lion degrees centigrade. Whilst temperatures in this range are required to explain 
the observed rate of neutron production on the basis of a thermonuclear process, 
electric fields in the gas arising from instabilities, can also accelerate deuterium 
ions and lead to nuclear reactions. Such a process was described by Academician 
Kurchatov in his lecture at Harwell in 1956. Therefore it is not altogether 
certain that the observed neutrons come from a thermonuclear reaction. Experi- 
ments are continuing to study the details of the neutron-producing processes. 

In order to obtain a net gain in energy from the reaction it would be necessary 
to heat deuterium gas to temperatures in the region of 100 million degrees centi- 
grade, and to maintain it at this temperature long enough for the nuclear 
energy released to exceed the energy needed to heat the fuel and lost by radia- 
tion. Lower temperatures would suffice for a deuterium-tritium mitxure. The 
high temperatures achieved in ZETA, and the relatively long duration for which 
the hot gas has been isolated from the tube walls are the most important ex- 
perimental results obtained so far. Whilst a much longer time (perhaps several 
seconds) is required for a useful power output there appears to be no funda- 
mental reason why these longer times, together with much high temperatures, 
cannot be achieved. 

There are, however, many major problems still to be solved before its prac- 
tical application can be seriously considered and the work must be expected 
to remain in the research stage for many years yet. 

The work on ZETA has been done in the General Physics Division at Harwell 
which is under the direction of Mr. D. W. Fry. The group responsible for the 
work has been led by Dr. P. C. Thonemann and senior members concerned with 
ZETA have been Mr. R. Carruthers and Mr. R. S. Pease, with Mr. J. T. D. Mit- 
chell of the Engineering Division, and Dr. W. B. Thompson of the Theoretical 
Physics Division (Dr. Thompson is a Canadian). Dr. Thonemann’s interest in 
thermonuclear reactions goes back to his undergraduate days at the University 
of Melbourne, Australia, and he has been actively engaged in research in gas 
discharge physics for over 10 years, first at the Clarendon Laboratory, Oxford, 
and since 1951 at Harwell. The principal contractors for construction were 
Metropolitan-Vickers Electrical Co., Ltd. (who also collaborated in the design), 
British Insulated Callenders Cables, Ltd., and Telcon, Ltd. 

Research work in the field of controlled thermonuclear reactions is also 
being carried out at the A. E. I. Research Laboratory (Director, Dr. T. E. Alli- 
bone) on behalf of the Atomic Energy Authority and with the advice of 
Sir George Thomson. Experimental work was started at Imperial College by 
Sir George Thomson in 1947. It was moved to the A. E. I. Laboratory in 1951. 
The senior members of staff engaged are Mr. D. R. Chick and Dr. A. A. Ware. 


Full collaboration in the C. T. R. field of research was established with the 
United States AEC in October 1956. 














THE PRODUCTION OF HIGH TEMPERATURES 
AND NUCLEAR REACTIONS IN A GAS DISCHARGE 


P. C. Thonemann, R. Carruthers, D. W. Fry, R. S. Pease, 
G.N. Harding, S. A. Ramsden, E. P. Butt, E. McWhirter, 
D. J. Lees, A. Dellis, S. Ward, and A. Gibson 


Atomic Energy Research Establishment 


Previous reports on the production of high temperatures and nuclear reactions by passing high 
electrical currents through deuterium gas have described straight discharge tubes with metal 
end electrodes.'~* Preliminary results obtained with a toroidal discharge tube are reported 
here, measurements of neutron yield and kinetic ion temperatures having been made over a 
limited range of conditions. The experimental apparatus employed, ZETA, was built at the 
Atomic Energy Research Establishment, Harwell. 

ZETA is a ring-shaped discharge tube of aluminum, 1-metre bore and 3 metres mean 
diameter, containing gas at low pressure. The gas, usually at a pressure of about 10 mm of 
Hg is made weakly conducting by a radio-frequency discharge. The toroidal-shaped ionised 
gas plasma forms the secondary of a large iron-cored pulse transformer. By discharging a 
condenser bank, storing up to a maximum of 5 x 10° joules, into the primary of the transformer, 
a unidirectional current pulse up to a maximum of 200,000 amp is produced. The current in the 
ionised gas lasts from 3 to 4 msec, and the pulse is repeated every 10 sec. A steady axial 
magnetic field is generated by current-carrying coils wound on the torus. This field can be 
varied from 0 to 400 gauss. 

Figure 1 is a reproduction of a photograph showing the discharge tube assembled with the 
transformer. A vacuum spectrograph can be seen connected to the torus body. 

The principles underlying the containment of a high-temperature gas by means of the pinch 
effect have been discussed by R. Post.’ The constricted gas discharge formed by the passing of 
a high current through a low-pressure gas, whilst isolating the gas from the walls for short 
periods of time, rapidly develops instabilities and distortions which lead to excessive bom- 
bardment of the tube walls by both electrons and positive ions. The consequent recombination 
and cooling makes it impossible to maintain high temperatures except for a transient period. 
These instabilities have been suppressed in ZETA by the combination of an axial magnetic 
field parallel to the flow of the discharge current and by the fields produced by eddy current 
induced in the surrounding thick metal walls when the current channel changes its position. 

The energy of the particles of an ionised gas can be increased by adiabatic compression, 
by shock waves within which irreversible heating takes place, and by joule heating. All these 
processes contribute to raising the gas temperature in ZETA, but joule heating is the most 
important. 
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ELECTRICAL CHARACTERISTICS 


A typical current and voltage characteristic is shown in Fig. 2. The top trace is the 
“voltage per turn” measured by a loop around the central limb of the transformer core. The 
length of the discharge path is approximately 1000 cm so that the initial electric field at the 
boundary of the ionised gas is about 1 volt/cm. The primary winding is short circuited when 
the voltage per turn is zero, thus preventing the charge on the condensers from reversing. The 
third trace shows the current flowing in the gas, which persists for about 2 msec after the 
transformer primary is short circuited. As the current decreases, the plasma expands until it 
reaches the walis; it is cooled and impurities are thrown into the gas from the walls. The 
sudden increase in resistance, which accompanies the cooling, causes an increase in dI/dt and 
the appearance of the severe voltage transient towards the end of the top trace in Fig. 2. De- 
structive voltage transients of this type can be suppressed by the addition of 5 per cent nitrogen 
or neon without affecting the neutron yield. 


STABILITY 


Probe measurements, and streak photographs of the current channel taken through a slit in 
the vacuum vessel, show the current channel to be quasistable and clear of the walls for the 
greater part of the current pulse. Figure 3* is a reproduction of a streak picture taken of a 
helium discharge. The limit of the black area represents the internal diameter of the tube. The 
light recorded is that of the spark lines of impurities and the 4686 A of He II. Streak pictures 
taken of discharges in deuterium are difficult to interpret since the light is emitted by neutral 
deuterium atoms and by impure ions released into the current channel from the walls. The 
centre of the current channel is displaced towards the outer wall because of the tendency of the 
ring current to expand. This expansion is opposed by eddy currents in the metal walls which 
are of 1-in.-thick aluminum. Measurements of the internal magnetic fields in the plasma are 
reproducible and show that the initial axial lines of force are trapped in the gas and drawn 
towards the axis as the plasma column contracts. In general, the resultant lines of magnetic 
force are helical and vary in pitch over the cross section of the plasma. The observed sta- 
bility has not been explained satisfactorily from theoretical consideration. 


HIGH-ENERGY RADIATIONS 


Neutron emission arising from the D-D reaction is observed for gas currents in deute- 
rium in excess of 84 ka. Emission occurs for a period of about 1 msec, centred about the peak 
current. Figure 4 is a histogram showing the average rate of neutron emission during the 
current pulse. 

Table 1 shows the average number of neutrons emitted per pulse as the peak current is 
increased. 

The third column of Table 1 gives the temperatures required to produce the observed neu- 
tron yields assuming a thermonuclear process. In calculating these figures it has been assumed 
that the current channel is 20 cm in diameter, emits neutrons uniformly for a period of 1 msec, 
and all the deuterium initially present is contained in the current channel. Since the reaction 
rate is an extremely sensitive function of temperature, variations in these parameters do not 
greatly affect the calculated temperature T,. A comparison of the calculated and spectroscopi- 
cally observed temperatures is made in Fig. 6. 

Within the pressure range investigated (0.8 to 10.0 x 10~* mm), the neutron yield decreased 
with increasing pressure. Neutrons were observed when 25 per cent of the gas initially present 
was nitrogen, but the yield was much reduced. 


*Figure 3 is not supplied; it shows a streak picture of a helium discharge. Conditions: initial gas 
pressure, 0.25 x 107? mm Hg; Bz = 160 gauss; and peak current 130 ka. The tube walls correspond to width 
of the dark region. 
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The results obtained with a directional neutron counter moved around the torus showed, 
within a factor of two, that the neutron emission was uniform and did not arise from localised 
sources. 

No 14-Mev neutrons were observed from a titanium-loaded target on the inside wall of the 
discharge tube. Subsequent test bombardments by 10-kev deuterium ions gave 14-Mev neutrons. 
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Fig. 2— Tracings from oscillograph recordings of the voltage per turn of the 
transformer, the primary current Ip, and the secondary current I,. The lower 
trace shows the pulses produced by individual neutron capture in the BF; counters. 


No correlation is observed between the time of neutron emission and the voltage fluctua- 
tions during the current pulse. However, neutrons are produced by the large voltage transient 
at the end of the pulse, but these can be eliminated by the addition of nitrogen gas. 


X rays are observed towards the beginning of the current pulse. Their average energy lies 
in the range 20 to 30 kv and on the average some 10° quanta/pulse are emitted by the whole 
tube. These x rays are produced by electrons that have gained energy continuously by many 
revolutions around the torus. In no circumstances have x rays been observed which will pene- 
trate '/, in. of lead. 

The number and energy of the x-ray quanta are insensitive to gas and current but increase 
in intensity as the axial magnetic field is increased. 





506 PHYSICAL RESEARCH PROGRAM 


SPECTROSCOPIC OBSERVATIONS 


Both arc and spark-line intensities vary greatly over the period of the pulse. In general, 
emission lines of normal atoms and ions up to three times ionised have a maximum intensity 
before peak current. The Doppler broadening of spark lines emitted in a radial direction has 
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Fig. 4— Histogram showing the number of neutrons counted at various times during the current pulse. 


Table 1* 





Total neutron 


Current, ka yield/ pulse Ts 

84 0.4 x 104 2.4 x 10° *K 
117 8.1 2.9 

126 9.2 3.3 

135 14.2 3.6 

141 26.5 3.8 

150 41.6 4.0 

177 108 4.5 

178 125 4.6 

187 134 4.65 


*Conditions: gas D, + 5% Nz; pressure ', x 107° 
mm, B, = 160 gauss. 


been used to estimate the kinetic ion temperature of deuterium and neon discharges. Small 
quantities of oxygen and nitrogen are introduced into deuterium discharges to provide spark 
lines in a convenient part of the spectrum. The breadth of the lines is of the order of 1 A and 
can be measured with a quartz spectrograph having a dispersion of 20 A/mm. Calculations 
show that both Stark and Zeeman effects make a negligible contribution to the line breadth. 
Mass motion may contribute to the observed broadening to an appreciable extent, but both 
probe and streak records show no evidence of gross motion. The contribution of small-scale 
instabilities and turbulence to the line breadths remains to be measured. 
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Some 300 emission lines have been identified in the wave length range 400 to 2500 A. The 
most prominent are those of oxygen, nitrogen, aluminium, and carbon. Strong lines of O VI 
are recorded. In this wave length range more than 400 lines remain unidentified. 

Figure 5 compares the intensity variation of He II 4686 A and O V 2781 A. 
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Fig. 5— The two lower traces are photomultiplier records of the intensity variation 


of two selected spark lines during the current pulse. 


The O V line has been used for Doppler breadth determination without time resolution 
since it has a maximum intensity in the neighbourhood of peak current. For N IV 3479 A this 
is not true, and light was admitted to the spectrograph for a period of 1 msec centred about 
peak current. 

The kinetic temperatures obtained by observation of O V and N IV lines as function of peak 
current are shown in Fig. 6. The ion temperatures are found to decrease with increasing initial 
deuterium pressure. No satisfactory measurement of electron temperature has yet been made. 
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CONCLUSION 


The preliminary results reported here demonstrate that it is possible to maintain hydrogen 
gas in a state of virtually complete ionisation with a particle density lying between 10° and 10" 
per cubic centimeter. The mean energy of the ions and electrons in the plasma is certainly of 
the order of 300 ev. The containment time and the high electrical conductivity are both adequate 
for the detailed study of magneto-hydrodynamical processes. In order to identify a thermo- 
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Fig. 6— lon temperature as a function of peak current determined from the Doppler 
broadening of O V and N IV. Conditions: initial gas pressure, 9.13 x 10-* mm deu- 
terium and 5% nitrogen. Bz = 160 gauss. The temperature of the deuterium gas, 
estimated from the observed neutron yield, is shown for comparison. Measured 
temperatures: ©, temperatures calculated from observed neutron yield; A, O V A 
2781, 2787 A; O, NIV A 3479 (gated). 


nuclear process, it is necessary to shown that random collisions in the gas between deuterium 
ions are responsible for the nuclear reactions. In principle this can be done by calculating the 
velocity distribution of the reacting deuterium ions from an exact determination of both the 
energy and direction of emission of the neutrons. The neutron flux available at present is in- 
sufficient to attain the desired accuracy of measurement. 
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A major part of the engineering design and construction of ZETA was done by the Metro- 
politan-Vickers Electrical Co. Ltd. 
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A STABILISED HIGH CURRENT TOROIDAL DISCHARGE 
PRODUCING HIGH TEMPERATURES 


N. L. Allen, T. E. Allibone, D. R. Chick, R. F. Hemmings, T. P. Hughes, 
S. Kaufman, B. S. Liley, J. Mack, H. T. Miles, R. M. Payne, J. Read, 
A. A. Ware, J. Wesson, and R. V. Williams 


Associated Electrical Industries Limited, Research Laboratory, 
Aldermaston Court, Aldermaston, Berks., England 


INTRODUCTION 


Success in stabilising a pinched toroidal discharge has been achieved in the apparatus known 
as ZETA at the Atomic Energy Research Establishment.’ The stabilisation was produced by 
applying a toroidal magnetic field (B,) to a gas discharge combined with a metal-walled tube. 
A discharge similarly stabilised has been obtained in this Laboratory in a smaller apparatus, 
known as SCEPTRE III. 


DESCRIPTION OF APPARATUS 


The discharge tube was an aluminium torus having an internal diameter of 30 cm anda 
mean torus diameter of 115 cm. A 4-ton iron core linked the torus with a primary winding of 
8 turns, wound close to the torus to keep the leakage inductance to a minimum. A condenser 
bank of 150 uf charged to voltages up to 30 kv was discharged through the primary by means of 
a spark gap switch. A toroidal magnetic field of up to 1,000 gauss was produced within the 
torus 


EXPERIMENTAL RESULTS 


Figure 1 shows a plot of the peak gas current against applied magnetic field for discharges 
in deuterium at 5 x 10~* mm Hg pressure, the range of currents measured being from 50 to 
200 ka. Typical oscillograms of the voltage (v) measured round the torus, the gas current (I), 
and rate of change of current (dI/dt) are shown in Fig. 2. The marked change of (dI/dt) at t’ 
occurs at that current for which the magnetic field at the wall (Bg) due to the gas current is 
equal to the applied B, field. Theory shows that when these fields are equal the discharge 
leaves the walls and constricts, and a sudden change of effective inductance will occur because 
energy must be supplied to compress the gas and the B, flux. The change of (dI/dt) at this 
point confirms this theory. A corresponding change occurs at the same current value when I 
is decreasing. This is consistent with an expanding discharge reaching the wall at this time. 
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Fig. 1— Current/ magnetic field; deuterium 0.5 ,. 


Measurements of inductance at peak gas current derived from the ratio (dV/dt)/(d’I/dt”) indi- 
cate that between 0.55 and 0.9 of the applied B, flux is trapped by the constricting discharge. 

Spectroscopic observations show the presence of a considerable amount of impurity in the 
discharge (oxygen, carbon, copper, and aluminium). These impurities are thought to be pro- 
duced by the arcing which occurs between the gaps which must be left in the metal walls of the 
torus. Ion temperatures have been measured by observing the Doppler broadening of the 
quadruply ionised oxygen lines by means of a Hilger medium quartz spectrograph. The line 
profiles obtained after allowing for instrumental broadening (by Voigt profiles) were found to 
be Gaussian down to one-twentieth of their peak intensity; this is the experimental limit of 
observation. At 5 x 10~* mm Hg pressure, 11-kv condenser voltage, and Bz 300 gauss, the 
line -breadth for the (O V) doublet lines at 2781 A was 0.97 + 0.1 A which with an instrumental 
width of 0.3 A corresponds to a temperature of 2.6 x 10° °K. No temperature measurements 
have been derived when operating at less than 11-kv condenser voltage because of the faintness 
of the impurity lines. Above this voltage the temperature has been found to decrease somewhat 
with increased voltage. This disappointing result must be due to radiation and other losses 
from the discharge increasing more than proportionately with voltage due to increased im- 
purity; more arcing does occur at the higher voltage. 

To reduce the amount of impurity in the gas, experiments were carried out with a greater 
number of primary turns and hence a lower gradient for a given input energy. Since the im- 
pedance of the discharge channel is still predominantly inductive, the peak currents for a given 
input energy are only slightly reduced. Preliminary measurements with a 16-turn primary 
have yielded ion temperatures in the range 2.5 x 10° to 3.8 x 10° °K, the temperature increasing 
with condenser voltage up to 25 kv. With deuterium in the torus, neutron emission has been 
detected over the range of pressures 9 x 10~‘ to 7 x 107° mm Hg, a maximum occurring about 
2x 10-* mm Hg when the magnetic field is about 500 gauss. Table 1 gives some »>reliminary 
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Fig. 2——Deuterium at 0.5 y; condenser voltage = 20 kv; tums ratio = 8:1; magnetic field = 
1000 oersted. 
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results for the total number of neutrons per pulse and in some of the cases the corresponding 
measure of ion temperatures. The temperatures in column 6 of Table 1 are calculated from the 
neutron yield assuming a constant density within a discharge channel one-third the diameter of 
the tube and having a constant temperature for a period of 400 psec. 

Because of the impurities in the discharge, it emits sufficient light to be photographed. 
Figure 3 shows a streak photograph of the discharge. The discharge is viewed at one point of 
the torus simu)taneously through a slit window on top of the tube and on the side of the tube. 
Figure 3(a) shows a print from a colour photograph which recc-ds both red and blue light, and 
Fig. 3(b) shows a print taken through a blue filter. The main discharge channel is blue and 
sharp edged; its diameter decreases as the current increases and becomes unstable after about 
300 usec when a/b reaches about 0.5, where a and b are the discharge and internal tube radii. 
The applied B, was too small in this case to maintain stability throughout the whole pulse time. 
Superimposed on this channel are bars of light stretching across the whole tube which are 
mainly red at first, but later become white. These bars have been shown to travel round the 
torus with velocities of the order 2 x 10° cm sec™' and are believed to be due to shock waves 
produced by the intermittent arcing occurring at the gaps. 


Table 1 
Total Temperature 
No. of neutron Temperature from Doppler Theoretical 
Pressure, Condenser primary’ E,, yield from neutron broadening, temperature, 
10mm Hg voltage,v turns gauss per pulse yield, 10° "kK 10° °K 10° *K 
1.9 15 16 300 8 x 108 2.7 2.3 
1.9 20 16 500 5 x 104 3.3 2.9 
1.9 25 16 500 10° 3.5 3.4 
0.9 20 16 200 3.2 3.9 
3.3 20 16 200 1.2 x 10° 2.0 2.5 2.2 
1.2 25 16 300 3.8 4.1 
0.5 ll 8 300 2.6 2.3 


DISCUSSION 


The observed results are consistent with the discharge being stabilised due to the applied 
toroidal magnetic field being trapped by the constricting discharge. The theoretical conditions 
for such stability have been studied by Shavranov,’ Tayler,’ and Rosenbluth.‘ Further proper- 
ties of a discharge stabilised in this manner have been studied theoretically by Liley of this 
Laboratory in work not yet published. In particular if the toroidal discharge is produced by 
discharging a condenser bank through a primary closely coupled with the gas current, the 
temperature reached at peak current is relatively independent of a/b within the range 1 > a/b > 
1/3 and is given in degrees Kelvin by 


T =3x 10° 3 */(ypb'Ey)” 


where J = the energy stored in the condensers in joules per centimetre of the discharge tube 
length 
p = the initial pressure of deuterium in microns 
E, = the initial applied electric field in volts cm™' 

y =a factor near unity associated with skin effect 
and b is in centimetres. This result has been obtained assuming that the gas kinetic pressure 
is small compared with the magnetic pressure, that the radial heat conductivity is sufficient to 
maintain uniform temperature across the discharge channel, and that the energy exchange time 
between positive ions and electrons is small compared with the period of the condenser dis- 
charge. Ohmic heating due to currents in both the ¢ and 6 directions is taken into account, as 
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Fig. 3—Deuterium at 1.8 y; condenser volts = 15 kv; turns ratio = 8:1; magnetic field = 3 


oersted. (a). without filter. (b) with blue filter. 
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is also the effect of adiabatic compression as the discharge contracts. Radiation and other heat 
losses are neglected. 
The temperatures calculated from the above formula are given in column 8 of Table 1; 


considering the simplifying assumptions which were made, these values agree reasonably well 
with the experimental observations. 
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(Following are statements and papers on the United States-con- 
trolled thermonuclear eo. which were presented at a meeting of 
the American Physical Society in Washington, D. C., May 2, 1958 :) 


STATEMENT BY Dr. ARTHUR EB. RvuARK, CHIEF, CONTROLLED THERMONUCLEAR 
BRANCH, DIVISION OF RESEARCH, UNITED States ATOMIC ENERGY CoM- 
MISSION, AT AMERICAN PHYSICAL SocteETY MEETING, WASHINGTON, D. C., 
May 2, 1958 


In January of this year the Atomic Dnergy Commission released information 
concerning one line of work by which we are attempting to get useful power 
from the controlled fusion of hydrogen isotopes. Papers on the pinched discharge 
were published by scientists at Los Alamos, Livermore, and Princeton, in paraliel 
with papers on the pinch work in the United Kingdom. It was pointed out that 
in America we have several other lines of effort toward this goal. 

The work is carried out by four of our large contractors. Supporting work is 
done by the Naval Research Laboratory, New York University, several other uni- 
versities, and industrial companies. 


THE PHYSICAL SOCIETY SPEECHES 


Today the principles of some of the work at Livermore, Princeton, and Oak 
Ridge have been reported before the American Physical Society. All the labora- 
tories in the program are preparing much more detailed papers for the Second 
International Conference on Peaceful Uses of Atomic Energy. This Conference 
will be held at Geneva in September 1958. 


THREE GOALS 


The experimental work in the Sherwood program is concerned with very 
dilute and very hot gas, confined by strong magnetic fields. Such a gas is called 
a plasma. 

We in the program have to think in terms of three successive goals: 

First goal——To bring the plasma to the so-called ignition temperature. 

Second goal.—To obtain a thermonuclear reactor yielding net power. 

Third goal.—To make an economic power producer. 


THE IGNITION TEMPERATURE 


We need to explain what is meant by the ignition temperature. It is not 
really correct to apply the word “temperature” to plasmas produced in labora- 
tories. One trouble is that the plasma is not a simple gas. It is made up of 
electrons and positive ions and the average energy of the two types of changes 
can be quite different. We shall use the word temperature as a measure of the 
energy of the ions, which are nuclei of heavy hydrogen. 

These very hot plasmas send out radiation very copiously. This tends to cool 
them, and the nuclear reaction must be vigorous enough to keep the plasma 
hot in spite of the radiation loss. 

The ignition temperature is the degree of heat at which the nuclear reactions 
in the hot gas give out as much power as the gas emits in the form of radia- 
tion. There is general belief in the American laboratories that the ignition 
temperature will be achieved within a few years. 

A machine operating at the ignition temperature might not be a net power 
producer. The power producer has to take care of all heat losses, and supply 
energy for all the equipment necessary to make the reactor run. 

So far there is no real proof that a thermonuclear reactor producing net power 
can be built. We are not sure yet that the plasma will be stable at the rela- 
tively high density and temperature which are required. For this reason, ma- 
chines of relatively large power are treated as research tools. At present, the 
main job is to reach the ignition temperature. 

Experience leads to the belief that several successive generations of machines, 
of increasing complexity and power, will have to be built before we approach a 
net power producer. The Chairman of the Commission has emphasized that a 
net power producer is probably many years in the future. 
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FOUR ROUTES TO THE THERMONUCLEAR REACTION 


The business of igniting the plasma can be approached in a number of ways. 
Let us state briefly the chief features of the four methods which have now been 
described. One can think of many variations and hybrid methods, but here are 
some of the main points. Figure 1 shows the general nature of the apparatus. 

1. In the pinch method used at Los Alamos, Berkeley, and-Livermore, tremen- 
dous currents are passed through the gas. As Bennett pointed out long ago, the 
magnetic forces of the current itself throw it toward the center line of the tube. 
In other words, the current pinches itself, with great increase in the density 
and temperature of the gas. 

Straight tubes are often used in studying the phenomena, but the main effort 
involves the use of doughnut-shaped tubes. There are many essential refine- 
ments to provide stability, and long confinement. 

The pinch method was discussed at length by Drs. Tuck, Colgate, and Spitzer 
and their coworkers, and by our British colleagues in January 1958. Hence we 
do not need to present further details here. 

2. In Dr. Post’s mirror program, energetic ions (with accompanying electrons) 
are injected into a strong field provided by two large coils. At first, the ions 
run on spirals nearly at right angles to the field. Then the current in the big 
coils is increased. This squeezes the hot gas. In different designs, it is possi- 
ble to squeeze the gas radially, and to push it together along the axis. It is 
also possible to push the gas from one chamber to another. 

3. In the Princeton stellarators, we start with cold gas, confined by a very 
strong magnetic field. A smali current is passed, and then a larger one is caused 
to flow by transformer action. This brings the gas to something more than a 
million degrees centigrade. At that point this heating method is no longer 
satisfactory, because the electrical resistance of the gas has become too low. (A 
well-ionized gas may have an electrical resistance far less than that of a solid 
bar of copper occupying the same space.) Therefore, the next step is to shake 
the gas with very strong alternating magnetic fields. This heating process is 
ealled magnetic pumping. ' 

Dr. Spitzer showed that under these conditions the gas would drift toward 
the walls, and that this loss of gas could be largely avoided by bending the 
doughnut into a shape like a pretzel. Later, it was found that good gas con- 
finement could be achieved in a doughnut, by ingenious tailoring of the mag- 
netic field. Both methods have been under study at Princeton. 

4. The work reported from Oak Ridge is devoted to filling a confinement space 
with superhot ions; that is, ions which have an energy far superior to the igni- 
tion energy. It rests on some basic ideas worked out by Dr. E. D. Shipley, Dr. 
Lloyd P. Smith, and the writer, in 1952-53, as follows: an extremely hot plasma 
of low density has good confinement properties, and can be used to heat cooler 
ions which are added after the very hot plasma is formed. Loss of hot ions by 
trading of charges with the residual gas molecules in the vessel is a chief enemy 
in this method; it is also minimized when the ion energy is very high, as Stier 
and Barnett showed. 

Then John Luce showed how the molecular ions can be trapped inside the 
confinement space. It is our understanding that Dr. Herbert York advanced 
the same idea independently. Molecular ions are introduced and are dissociated. 
Each molecular ions breaks up into an atomic ion (a deuteron) and an atom 
of deuterium. The atoms escape, but the hot ions are caught on smaller orbits 
and circulate in the confining magnetic field. The whole matter hinges on effi- 
cient dissociation of the molecular ions. It is not enough to let them encounter 
molecules of the residual gas. 

Luce supplied an essential step when he developed a high-vacuum, high-current 
arc on which the high energy molecular ions can be broken up with considerable 
efficiency. So far work on this method has been done with continuous injection 
into mirror coils fed with direct current. Hence the apparatus is called the DC 
experiment, or DCX. 

PLANS 


For the present we plan to proceed with all of the four lines of work outlined 
here. Of course, there is always the question of stability of very hot plasmas, 
which may eventually single out one method, or a few methods, in preference to 
others. If any one of them should falter, there are modifications, hybrid methods, 
and several basic ideas to be called into play. 
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The model C complex of equipment at Princeton is expected to come into 
operation in 1960. It provides larger and more powerful devices for the Prince- 
ton group. Similarly, the other groups steadily introduce larger power sources 
and new models of their devices. It is the policy of the Commission to advance 
this work rapidly. The determining factor is the rate at which the laboratories 
can obtain results which permit firm planning for the next steps. So far as we 
can see now, there are no shortcuts in this lengthy process of research and devel- 
opment. 

It is a pleasure to extend thanks to the groups in the Sherwood Laboratories 
whose work has now been outlined. There is general optimism in all four 
laboratories about further advances for the period just ahead. We hope that 
their efforts will be crowned with success in obtaining net power producers. 


TORUS (DOUGHNUT) 


CURRENT, I 


COIL PRODUCES WEAK FIELD, 
NEEDED FOR STABILITY 


MIRROR 


" COMPRESSED PLASMA 


STELLARATORS 


PRETZEL TYPE 


SPIRAL WINDINGS NOT SHOWN 


ELECTRODE 


TRAPPED IONS 





Figure 1.—Four fusion-power methods. 
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THE Mirror MACHINE 


Remarks by Dr. R. F. Post, University of California Radiation Laboratory, 


Livermore, Calif., at Washington meeting of American Physical Society, May 
2, 1948 


The key to the achievement of a self-sustaining fusion reaction depends on per- 
fecting an effective magnetic bottle ; that is, a cage of magnetic field lines which 
could confine a low density but very hot plasma (ionized gas) of deuterium fuel 
long enough for it to burn by nuclear fusion reactions. Any experimental attack 
on this problem must, therefore, be based on some particular method of forming 
a magnetic bottle. 

Since 1952 the Atomic Energy Commission has supported at the University of 
California Radiation Laboratory research work in the field of controlled fusion, 
and work is now going forward at the laboratory on several different approaches 
to the problem. One of the approaches, the one earlies initiated, involves the 
use of a novel form of magnetic bottle, differing fundamentally in concept from 
other magnetic confinement schemes, for example those based on the so-called 
pinch effect. This approach has come to be dobbed “the mirror machine.” 

In its simplest form the mirror machine consists of a long straight tube, sur- 
rounded by coils of wire which produce a magnetic field inside the tube. In the 
center part of the tube the coils produce a uniform magnetic field, so that the 
magnetic field lines resemble a bundle of straight rods lying parallel to the walls 
of the chamber. However, at either end of the tube the currents in the coils are 
made much stronger than average so that the magnetic field is correspondingly 
stronger. These regions of stronger than average field are the magnetic mirrors. 
At these regions the field lines gather together into a tighter bundle (since the 
field is stronger) so that the pattern of field lines between the two mirrors has the 
general shape of an elongated football. The magnetic bottle of the mirror 
machine thus really loks like a two-ended wine bottle, with the magnetic mirrors 
defining the bottle necks at either end. 

The hot plasma is confined in the football-shaped region between the two mag- 
netic mirrors. The uniform magnetic field in the middle of the machine keeps 
the plasma from escaping sideways to the chamber walls. The magnetic mirrors 
slow the escape of the plasma out the ends of the bottle. This corking action is 
not perfect, however, so that special care must be taken to minimize the leakage 
of the plasma through the mirrors. 

A plasma is composed of equal numbers of positive and negative charged parti- 
cles. The basic idea of the mirror machine is to confine a plasma by using mag- 
netic mirrors to reflect the individual charged particles of the plasma each time 
they approach the ends of the confinement chamber. If the mirrors can reflect 
each particle many thousand times before it can escape, then the chances of its 
undergoing a fusion reaction before escaping are correspondingly increased. 
The reflection of charged particles by a magnetic mirror can be explained in 
terms of the forces which are exerted on the particles by magnetic field. These 
forces always act at right angles to the direction of the magnetic field lines. This 
is the reason that a charged particle in a strong magnetic field always moves in a 
helical (coil-spring-like) path. The magnetic field keeps curving the path of the 
particle by deflecting its motion. Near the magnetic mirrors the magnetic lines 
of force converge (i. e., are gathered together) so that they no longer are parallel 
to the axis of the tube. But if this is true, the forces exerted by the field, being 
at right angles to the field lines, will begin to act so as to prevent the particle from 
going farther into the mirror. If the mirror is strong enough, that is the lines 
are sufficiently tightly gathered together, most of the particles can be reflected, 
much as a ball thrown at the wide mouth of a funnel would usually be reflected 
if the sides of the funnel were not too gently sloping. Continuing the analogy, 
particles which move too nearly along the lines of force (i. e., hardly spiral at all) 
will not be reflected by a magnetic mirror but will escape through it, much as a 
small ball thrown directly at the central hole of a funnel would pass through it. 
This means that only those particles of the plasma will stay trapped between the 
mirrors which have enough spiral motion in the field. 

If there were no forces acting to deflect the particles of a plasma trapped 
between mirrors from their spiraling motion, these particles would continue to 
fly back and forth between the mirrors for a very long time, being reflected 
perhaps hundreds of millions of times. However, since the effect of repeated 
collisions between the trapped particles can result in their deflection into paths 
which aim along magnetic field lines, collisions will eventually lead to the loss 
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of any given particle through the mirrors. But the more energetic the particle 
is, the less likely it is to be deflected by collision with another particle. Thus 
deflecting collisions become much less likely as the average particle energy 
(kinetic temperature) is made higher and higher. On the other hand, the prob- 
ability of a fusion reaction occurring between colliding particles increases rap- 
idly with increasing average particle energy. This means that the best hope 
for utilizing the simple mirror principle in producing a self-sustaining fusion 
reaction probably lies in operation at very high kinetic temperatures, perhaps 1 
billion degrees centigrade or even higher. At these temperatures trapped par- 
ticles of the plasma can theoretically be reflected back and forth between the 
mirrors for hundreds of thousands of times before being deflected by collisions. 
Theoretical calculations indicate, however, that even at these kinetic tempera- 
tures the margin of energy profit compared with energy lost to escaping particles 
is not large, so that it would be very advantageous to employ additional means 
for reducing energy or particle losses. Such means are being studied and show 
promise on theoretical ground. 

One of the striking virtues of the mirror machine approach lies in the degree 
of control over the plasma which it permits. Since the confinement is entirely 
by means of external fields and these are in turn subject to external control, a 
confined plasma can be readily manipulated in various ways in order to bring 
about desirable ends. For example, if a low temperature plasma is confined in a 
mirror machine and the magnetic field is subsequently increased in strength at 
every point, the plasma will be compressed toward the middle of the machine 
and strongly heated. This compressional heating is observed to result in im- 
proved confinement, by increasing the energy and the spiraling motion of the 
particles. 

Another kind of compression and heating can be accomplished in the mirror 
machine if the currents in the external coils are controlled so as to cause the 
mirrors to move toward each other. In this case the plasma is compressed as if 
between two inward moving pistons, as long as certain practical limits are not 
exceeded. This mechanism, which also leads to strong heating effects, has been 
proposed by Fermi to explain,the origin of the very high energies of cosmic 
rays, through the agency of a sort of cosmic magnetic mirror effect. 

Another useful operation which can be performed is the transferring of plasma 
from one region of a long tube to another. When carried out rapidly, this oper- 
ation results in the acceleration of the plasma to a high velecity. Magnetic 
mirrors can also be used as a kind of magnetic valve to control the direction of 
flow of a confined plasma. 

The operations which have been described can be combined in various ways to 
enable the heating, confining and manipulation of a p!asma, and have provided 
us with a fruitful avenue to the experimental study of magnetically confined 
plasmas. 

If the mirror machine principle can someday be used to achieve a self-sustain- 
ing fusion reaction then the question of recovery of the fusion energy in useful 
form will be of interest. The obvious method is merely that of recovering the 
fusion energy as heat from the bombardment of the chamber walls by the es- 
ecaping particles and using this heat to generate steam to drive a conventional 
steam turbine and thus to generate electrical power. However, in the mirror 
machine another possibility exists. It is conceivable that the energy might be 
directly recovered from the hot particles of the plasma by performing just the 
reverse of the compression operation which was described above. If the mag- 
netic confining fields are weakened, or if the mirrors are caused to move further 
apart the plasma will expand and be cooled, thus delivering its energy back to the 
magnetic field coils in electrical form. The idea of extracting energy from the 
plasma by letting it expand against the magnetic field is analogous to the extrac- 
tion of energy from steam by allowing it to expand in a steam engine. The 
practical problems of achieving such a direct electrical conversion might be so 
difficult as to make it economically unattractive, but the theoretical possibility 
of such a cycle has been demonstrated. 

One of the most vexing problems which will have to be faced in the practical 
achievement of power from controlled fusion reactions is that of eliminating im- 
purities from the plasma. Relatively small quantities of heavy impurity ions 
can act to quench the reaction. This is because even a pure deuterium plasma 
continually loses energy by the radiation of soft X-rays, and the presence of 
higher atomic ions increases the rate of radiation loss until it exceeds the rate of 
thermonuclear energy production in the plasma. This would prevent the reaction 
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from being self-sustaining. It is, therefore, interesting to note that in a mirror 


machine impurity ions are much more poorly confined than the energetic 
deuterium fuel ions, so that a powerful mechanism of self-purification exists 
which would tend greatly to reduce the level of impurities. 


} 
To apply the magnetic mirror principle to the experimental study of hot | 
| 





plasmas it has been necessary to tackle some very difficult practical problems 
and continued progress will require the solution of still more problems. The 
following are examples of some of the practical problems which have had to 
be solved: To achieve the very high magnetic fields needed to perform magnetic 
compression, improved methods of fabricating mechanically strong magnetic 
field coils have been developed which permit the achievement of magnetic fields 
of several 100,000 gauss strength, generated within a substantial experimental 
volume and maintained for an appreciable fraction of a second. To minimize 
the quantity of impurities in the plasma extensive work has been done in develop- 
ing large and very clean vacuum chambers. To deduce the properties and be- 
havior of the confined plasma some unusual measurement equipment had to 
be devised. 

One of the most difficult problems has been the creation of the initial plasma. 
Four general methods are under study, with varying degrees of success to date. 
One of these methods utilizes a burst of relatively low energy and low density 
plasma, injected into a highly evacuated magnetic mirror confinement chamber. 
This plasma is then caught and strongly compressed by rapidly increasing the 
strength of the confining magnetic fields. This “high compression” results in 
raising the density and temperature of the plasma to relatively high final values. 
The high magnetic field is then maintained for several thousandths of a second, 
during which time the properties of the confined plasma are determined. In a 
variation of this method which is being tried, plasma streams are directed across 
the confinement volume to collide and be trapped in the middle of the machine. 
Subsequent increase in the confining fields then leads to further strong heating 
of the plasma. 

Another method of creation of a hot plasma which is being studied attempts 
the trapping of beams of very energetic ions (together with an equal number 
of electrons) while the magnetic fields are rising. This general kind of injection 
although difficult, is very attractive, since it would result in the formation of a 
very high energy plasma from the start, without the necessity for large heating 
effects to raise the plasma to thermonuclear temperatures. Work of a related 
nature has also been carried out on the use of beams of energetic neutral 
deuterium atoms or deuterium molecular ions (for example; a deuterium molecule 
from which a single electron has been stripped without breaking the molecule 
into its two constituent atoms). These particles can be made to penetrate the 
magnetic confinement region, where they would then be broken apart by 
collision with the plasma and, therefore, trapped. Although this approach to the 
injection problem is in some ways similar to that developed at Oak Ridge Na- 
tional Laboratories (the Luce ignition system), the Oak Ridge effort represents 
an independent development which differs in important ways from the UCRL 
approach. 

The general problem of injection is one of the most difficult ones for all studies 

in controlled fusion and vies with confinement in importance for the final achieve- 

ment of power from controlled fusion. 

| The very important question of plasma stability has thus far been positively 

confirmed in the mirror machine program. Although early theoretical predictions 

(1954) indicated that even at low densities a plasma could not be stably confined 
between magnetic mirrors, experiments preceding and subsequent to that early 
prediction indicated that stability was the rule rather than the exception. Later 
theoretical work has come to recognize the special nature of the stability 
characteristics of plasmas in a mirror machine and has tended increasingly to 
confirm the observed results. Encouraging as this may be, it must be said 
however, that neither the experimental nor theoretical work is yet on firm 
enough ground to guarantee that a plasma of the size, pressure and tempera- 
ture required to achieve practical amounts of power from fusion reactions would 
be stably contained in a simple mirror machine. 

Work on the magnetic mirror approach is still in too primitive a state to 
make any firm predictions as to its value in eventually achieving practical 
power producing controlled fusion reactions. However, it has been shown that 
the mirror machine is an excellent device for fundamental research in the physics 
of high temperature plasmas, and that the method is one of great flexibility. 
There seem to be no fundamental barriers to continual progress toward the goal 
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of fusion power, but it is clear that years of intensive work will yet be required. 

The mirror machine concept had its historical roots in an early suggestion by 
Herbert York that the magnetic mirror principle, then known in connection with 
the reflection of cosmic rays by the earth’s magnetic field, might be applied to 
the problem of controlled fusion and might enable the confinement of a plasma 
in a long straight tube. This would have several important practical advantages 
over confinement in a closed doughnut shaped tube. Starting with this basic 
suggestion the author formed a small experimental group at UCRL in 1952 to 
investigate the mirror principle and evolved the ideas which now go under 
the name of “The Mirror Machine.” The early difficult experimental work 
associated with applying these ideas to create a hot plasma was carried out 
primarily by Drs. F. Coensgen, F. Ford, and J. Foster. The first detailed theo- 
retical analysis of the mirror losses was done by Drs. G. Bing, D. Judd, W. Mc- 
Donald, and N. Rosenbluth. In addition to Coensgen and Ford, Drs. F. Eby, and 
C. Damm have contributed heavily to the recent experimental program and Drs. 
A. Kaufman, T. Northrop, A. Garren, L. Henrich, J. Hiskes, R. Riddell, J. Roberts, 
and L. Smith have continued the theoretical development. C. Wharton has been 
instrumental in developing special microwave diagnostic techniques. The entire 
fusion program at UCRL is under the direction of Dr. C. M. Van Atta and Dr. 
Herbert York and Dr. Edward Teller have maintained an active interest in all 
phases of the controlled fusion research. 


Basic CONCEPTS OF STELLARATOR PROGRAM 


Summary of remarks by Dr. Lyman Spitzer, Jr., Director of Project Matterhorn, 
Princeton University, at Washington meeting of American Physical Society, 
May 2, 1958 


The stellarator is a proposed device for controlled release of hydrogen fusion 
energy, and the use of this energy to generate useful electric power. The stella- 
rator program, which has been supported by the United States Atomic Energy 
Commission since 1951, is one of several devoted to this purpose at various sites. 
Success in these efforts would tap a virtually infinite source of nuclear power 
from the heavy hydrogen in the oceans. Today’s talk by Spitzer described only 
the basic concepts of the stellarator, in particular how a hydrogen gas can, in 
theory, be heated to a temperature of many million degrees and held in by 
magnetic fields, without touching any material walls. 

Like all other devices proposed for the controlled release of fusion energy, the 
stellarator uses a strong magnetic field for holding the heated hydrogen gas 
away from the walls. The unique and distinctive feature of the stellarator, 
according to Spitzer’s talk, is the particular type of magnetic field which it 
utilizes. The hydrogen gas in the stellarator is placed in an endless tube, and 
the magnetic field in the tube is produced by electric currents flowing in coils 
encircling the tube. The theory presented by Spitzer indicates that a configura- 
tion of this sort must be rather complicated to assure confinement of the heated 
gas. One method involves the use of a tube bent into the form of a figure 8, with 
simple circular coils encircling the tube and producing the magnetic field. In 
another method, the tube is doughnut shaped, but two types of external coils 
are required, an outer circular set, and an inner set of helically wound coils. 
This second method has the advantage that like the stabilized pinch used at 
Los Alamos, at Berkeley, and in the British ZETA experiments this type of con- 
figuration tends to be stable against certain types of disturbances known as 
“magnetohydrodynamic” or “hydromagnetic.” 

In both these methods the magnetic field is characterized by a certain abstract 
property calied a “rotational transform.” According to this property, a single 
magnetic line of force, if followed along the stellarator tube, does not close on 
itself, but gradually rotates around the central line of the tube. ‘The rotational 
transform produced by the complex magnetic field of the stellarator plays a 
vital part in the operation of the device. Detailed theoretical studies show that 
a stellarator should be capable of confining an ionized gas for the length of 
time needed in a controlled thermonuclear reactor. The chief uncertainty in 
the theory is whether the heated gas will remain quiet and motionless under 
these conditions, as has been assumed. If turbulence, oscillations, and other 
types of unsteadiness appear, the magnetic field may not be sufficiently effective 
in confining the gas, which will cool off on contact with the wall. 
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Methods of heating the gas in a stellarator were also described by Spitzer. 
Two stages of heating appear to be necessary. In the first stage, the gas is 
heated up to about a million degrees, by means of an electric current flowing 
through the gas, in the same direction as the center line of the tube. In this 
process, called “ohmic heating,” the gas is heated by the flow of current in the 
same way that a wire is heated by a current flowing along it. To produce this 
current through the gas, an iron core may be used, encircling the tube, and cur- 
rent passed through an auxiliary winding around the core. The stellerator 
tube then forms the secondary of a transformer, and current is induced around 
the gas in this tube. Theoretical calculations on the rate of heating achieved 
in this way indicate that temperatures of about a million degrees should readily 
be achievable. At higher temperatures the resistance of the gas falls to such 
a low value that not much heating can be obtained with practical currents. 

To achieve, in a stellarator, the 100,000,000° temperatures needed for a con- 
trolled thermonuclear reactor, the Princeton group plan to utilize a method 
called “magnetic pumping.” This method consists in using a rapidly pulsating 
magnetic field in one section of the stellarator tube. The pulsation frequency 
is in the high radio range. The most heat is pumped into the gas if the pulsa- 
tion period agrees with one of the natural periods of the gas—the time between 
collisions for a single particle, or the time required for a particle to pass 
through the magnetic pumping section. 

To permit high temperatures, the gas in a thermonuclear reactor must be kept 
very pure, since impurities cool the gas by excessive radiation. To enhance 
the purity of gas in a stellarator an additional modification of the complex 
stellarator magnetic field, called a divertor is proposed. In one short section 
of the stellarator the magnetic field in the outer regions of the tube is directed 
radially outward, so as to guide the particles out of the discharge tube into a 
separate chamber. The purpose of the divertor is to insure that any particles 
drifting slowly towards the tube wall will be guided into the divertor cham- 
ber before they strike the wall. Impurities liberated by collisions of these par- 
ticles with the wall will then be confined to the divertor chamber, and will not 
readily make their way back into the main discharge tube. 

Experimental work on these ideas has been carried out at Project Matterhorn 
by a group under Dr. Melvin B. Gottlieb, Associate Director of Project Matter- 
horn. The Matterhorn program is under the general supervision of a Princeton 
University committee headed by Dr. Henry D. Smyth, former AEC Commis- 
sioner and Chairman of the Board of Scientific and Enginering Research at 
Princeton University. The experimental results obtained with a variety of 
small-seale stellarators and the theoretical results obtained from extensive 
analyses will be described at the forthcoming Atoms for Peace Conference at 
Geneva this fall. 


Hiagu-Eneray Sreapy-StTate INJEcTION INTO THERMONUCLEAR DEVICES: THE 
Luce IGNITION SYSTEM 


Summary of remarks by Albert Simon, Oak Ridge National Laboratory, at Wash- 
ington meeting of American Physical Society, May 2, 1958 


The immediate goal of various thermonuclear programs is to create a hot, 
fully ionized gas (or plasma) whose temperature is sufficiently high so that ap- 
preciable thermonuclear reactions will occur. 

A basic requirement in creating thermonuclear energy is that the temperature 
of the plasma must be greater than 100 million degrees, or an average particle 
energy greater than 10,000 electron volts. In addition, the plasma must be 
isolated from the walls of its container for tenths of seconds, or longer, if ap- 
preciable thermonuclear reactions are to occur. 

One approach to this problem is illustrated by the pinch effect and the 
stellarator. In these, a cold gas is heated by an electrical discharge through 
the gas, and by various forms of magnetic squeezing. 

Another method provides for individually charged particles, already ener- 
gized by a high voltage source or cascade accelerator, to be injected into a mag- 
netic container (bottle) for trapping. This method is being pursued at Oak 
Ridge National Laboratory. The Laboratory is operated by Union Carbide Corp. 
for the United States Atomic Energy Commission. 

The Oak Ridge approach, advanced by John S. Luce, is to accomplish this 
energetic iniection and trapping through molecular breakup. This procedure 
ealls for a high energy (600 kev) molecular deuterium ion to be injected across 
the magnet field which serves to confine the ions. 
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The molecular ion is a charged system of two deuterium nuclei (ions) and an 
electron. Ordinarily, the molecule moves in a large circle within the magnetic 
field and returns to strike the source from which it is injected. However, the 
molecule can be dissociated into two particles: a singly charged deuterium ion 
and a neutral deuterium atom composed of the remaining deuterium nucleus and 
the electron. 

After dissociation, the neutral atom flies out of the system because it no 
longer is contained by the magnetic field. The remaining ion, however, now 
circles in a new orbit half the radius of the original circle. Thus, if the disso- 
ciation is accomplished at the other edge of the molecular orbit, then the re- 
sultant ion is trapped since it does not return to strike the source. 

This scheme is illustrated in figure 1. Disassociation is accomplished, with high 
efficiency, by passing molecular ions through an unusual type of electrical arc 
discharge discovered by Luce. The trapped ions circulate in a closed circle until 
they finally are lost from the system because of scattering or loss of energy. 

A simplified view of the scheme used is shown in the second diagram. ‘The 
injection and trapping is into a magnetic mirror bottle, such as described by 
Dr. R. F. Post at this meeting. This composite machine is known as DCX 
(direct current experiment). Note that the magnetic fields and injected cur- 
rent are not time varying. 

This illustration has been greatly simplified, since it shows trapped particles 
moving in a single organized ring current. Actually, these orbits will spread 
out because of energy loss and the nonuniform nature of the confining magnetic 
field. Trapped particle paths will cross each other, and the desired nuclear re- 
actions can then occur. 

There are several competing actions undesirable to this scheme, one of which 
is charge exchange. Its neutral gas atoms are in the plasma, an energetic ion 
can steal an electron from this atom and itself become electrically neutral. Be- 
cause this energetic neutral atom is no longer confined by the field, it escapes. 
As a result, the inner system must initially be pumped down to very low gas 
pressures to prevent such an energy drain on the system. In addition, it may 
be necessary to utilize the trapped beam itself to further clean up residual gas 
in the container. 

Another competing process to be controlled is energy loss to cold particles 
which may enter the system. 

At Oak Ridge, research using the above-mentioned concepts has been under- 
way for some time. Although the experimental and theoretic problems are 
difficult and involved, considerable progress has been made. Detailed reports 
of these results will be presented in the future. 


(Following is a translation of an article by I. V. Kurchatov, Chair- 
man of the Atomic Ener gy Section of the Ac: ademy of Sciences of the 
U.S.S.R., published in Pravda on February 28, 1958 :) 


THERMONUCLEAR ENERGY WILL BE THE BACKBONE OF POWER INDUSTRY OF THE 
FUTURE 


The first half of the 20th century closed on the greatest victory of science— 
a technical solution of the problem of how to put to use tremendous reserves 
of energy contained in heavy atom nuclei of uranium and thorium. The quan- 
tity of this type of fuel burned in atomic reactors is not overabundant in the 
earth crust. Should all power requirements of the entire globe be made dependent 
on uranium and thorium, its reserves would last but for 100 to 200 years, pro- 
vided that the present rates of increase in energy demand are maintained. All 
reserves of coal and oil will also be gone during the same period of time. 

The second half of the 20th century will be the age of thermonuclear 
energy. Thermonuclear reactions yield energy as a result of hydrogen trans- 
formation into helium. Quick thermonuclear reactions have been achieved in 
H-bombs in our country, in the United States, and in Great Britain. Presently 
science and technology are facing the task of how to bring about thermonuclear 
reactions as a controlled, slow process rather than as an explosion. Solution 
of this problem will make it possible to put to use as nuclear fuel tremendous 
hydrogen reserves on the earth surface. 

Thermonuclear reactors will burn heavy hydrogen—not ordinary ones. A con- 
trolled thermonuclear reaction may best be produced from a mixture of equal 
part of deuterium 1H’ and tritium 1H*. The occurrence of tritium in nature 
is exceedingly small. Tritium preparation in desired quantities is quite feasible 
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by neutron irradiation of lithium; yet such a process is expensive. Thermonu- 
clear reactors operating on pure deuterium will be of prime importance in the 
future. Deuterium is found in nature in adequate quantities, the ratio being 
6,000 ordinary hydrogen nuclei per 1 deuterium nucleus. A liter of ordinary 
water contains approximately as much energy as 400 liters of crude oil. Simple 
calculations show that deuterium as fuel will last on the earth for hundreds of 
millions of years, even in the case of the most tempestuous expansion of power 
requirements. After building thermonuclear reactors, there practically will be 
no further need to be ever concerned about the fuel. 

Within the next 15 years, coal and oil production in our country will grow to 
about 1 billion tons a year. To replace all this coal and oil, but 400 tons of 
deuterium would be needed. Only 20 years ago this quantity would have seemed 
extremely large and hardly attainable. I recall that prior to World War II we 
were upon against a great difficulty in obtaining a few grams of deuterium, 
needed for running a cyclotron in Leningrad, from Dnepropetrovsk where heavy 
water was prepared in the laboratory of the Institute of Physical Chemistry of 
the Academy of Sciences of the Ukrainian 8. 8S. 8. R. Now the situation is al- 
together different. We have set up commercial production of deuterium. It is 
accomplished by various methods: One may mention as one of them the deep- 
freeze method whereby deuterium is produced at minus 250° C. This is the most 
advanced method, worked out by the Institute of Physical Problems of the Acad- 
emy of Sciences of the U. S. S. R. 

The cost of deuterium extraction from water is not high. The cost of deu- 
terium as fuel amounts to less than 1 percent of the cost of coal. 

What will a thermonuclear reactor look like? Calculations show that it has to 
provide for heating of deuterium up to 300 to 400 million degrees centigrade or 
deuterium and tritium mixture, up to 40 to 50 million degrees centigrade. Only 
this high temperature will enable hydrogen nuclei to fuse with intensity where 
energy yielded is greater than energy spent for hydrogen heating (with due con- 
sideration of radiation losses). Only this high temperature will make it possible 
for a boiler with “thermonuclear furnace” to compete against a coal and oil- 
burning boiler. 

Let us examine conditions needed to heat hydrogen up to hundreds of millions 
degrees centigrade. 

In the case of ordinary gaseous deuterium at room temperature and normal 
pressure, molecules move with the speed exceeding 5,000 kilometers per hour. 
Let us entrap the gas in a vessel made of material that would be capable of 
withstanding terrific temperatures and presures and then let us heat it up to 
100,000° C. Gas pressure at such temperature will amount to about 1,500 atmos- 
pheres; deuterium atoms will disintegrate into positively charged deuterium nu- 
clei and electrons; thus, the gas will become completely ionized. Physicists call a 
matter in such a state plasma. Deuterium nuclei will move with the speed of 
little more than 100,000 kilometers per hour, yet the motion energy of deuterium 
nuclei will still be insufficient to overcome their mutual repulsion. Temperature 
being 100,000° C., only 2 nuclear transformations will take place in a liter of 
deuterium plasma over a period of 1,000 years. 

Let us now raise temperature up to 100 million degrees centigrade. The 
velocity of deuterium nuclei now will be tremendous—about 1,000 kilometers 
per second. All deuterium nuclei will react with one another within a fraction 
of a second. A truly fantastic power of 100 million kilowatts will be yielded 
by a liter of plasma. We will approach conditions where self-sustaining thermo- 
nuclear reaction in deuterium becomes possible. Plasma presure will attain 
1.5 million atmospheres, and it is quite obvious that under such conditions there 
cannot be any question of a thermonuclear reactor where deuterium could be 
used at its ordinary density. The gas in a thermonuclear reactor must be found 
at a very low density. The number of particles per unit volume must not be 
greater than a few one-hundred-thousandths of the number of gas particles at 
ordinary pressure and temperature. Because of the tremendous temperature, 
plasma pressure will be measured in scores of atmospheres even under these con- 
ditions. 

At first sight, the task of designing a thermonuclear reactor seems utterly 
impossible as there are no fire-resistant materials capable of withstanding con- 
siderable mechanical stress even at 3,000° C. The problem becomes yet more 
complex because the hot plasma must not come in contact with the walls. A 
quick evaporation of walls will immediately cool off the plasma whereupon the 
reaction ceases. To heat hydrogen up to millions of degrees centigrade, a re- 
liable thermal insulation is needed so as to keep hydrogen clear off the walls. 
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It is noteworthy that the properties of plasma, which is a completely ionized 
gas, have made it possible to find a principal solution of these most diflicult 
problems. A thermal insulation can be created with the aid of the magnetic 
field, making use of the fact that charged particles cannot move freely across 
magnetic force lines. 

An absolutely airtight chamber will constitute the basic part of a thermo- 
nuclear reactor; prior to “igniting” the reaction, all air must be evacuated from 
the chamber, thus forcing air residue pressure to drop down to a few ten millionth 
parts of the atmosphere at the most. The plasma must be “suspended” inside the 
reactor while the magnetic field prevents it from coming in contact with the 
walls. No walls of any material are needed at all to prevent the hot plasma 
from expansion. The plasma is retained by the magnetic field, through which 
forces are transinitted to the coils feeding the current which creates the magnetic 
field in the reactor. 

There also is another method of thermal insulation. On letting strong elec- 
trical current pass through the plasma, the magnetic field of such current can 
be used as the basic means of thermal insulation. To attain this, walls must 
be made of thick conductive material. {fhe magnetic field surrounds on all sides 
the plasma through which electrical current flows. When the current is excited 
by a pulse, its magnetic field cannot penetrate the metal quickly and thereby 
prevents the plasma from coming in contact with the walls. For example, a 
magnetic field created over the surface of copper penetrates noticeably to a depth 
of 10 centimeters only in 1 second. From engineering viewpoint, it is possible to 
build thick-walled chambers providing for thermal insulation, lasting for about 
1 second, by the magnetic field of the current flowing through the plasma. In 
this case, the hot plasma pressure is transmitted to th ewalls by the magnetic 
field of the current flowing through the plasma rather than through the impact 
of molecules as with cold gas. 

We have grown accustomed to the phenomenon that highly heated bodies shine 
brightly and radiate a great amount of heat. 

If hot hydrogen did radiate light and heat as intensely as solid bodies, its 
radiation at 1 million degrees centigrade would vaporize instantly all materials, 
and no forced cooling by any means known to engineering could prevent evap- 
orization. Hot hydrogen as actuaily transparent, and its transparence, as com- 
pared to a solid body, is inversely proportional to its radiation. A hot zone in 
the reactor measuring 1 meter at 50 million degrees centigrade and hydrogen 
plasma density radiates just as intensely as a solid body of the same size at only 
5,000 degrees centigrade. Nevertheless, it is a tremendous flow of energy, and 
the designers of thermonuclear reactors must give serious thought to the problem 
of tapping this energy. But to the naked eye, the hot zone will evidently seem but 
faintly luminescent due to the fact that the flow of energy basically consists of 
ultraviolet and roentgen radiations. 

Every thermonuclear reactor will spend energy to sustain its own operation. 
As the reactor grows in size, the energy yielded grows faster than its losses. 
Therefore, there is a minimum size where the thermonuclear reactor produces 
more energy than it consumes. The smallest size of the active zone in a reactor 
operating on a deuterium and tritium mixture evidently will be about 1 meter. 
Reactors operating on pure deuterium will be larger in size. Pure deuterium 
thermonuclear reactors are likely to be adaptable but to fixed power stations of 
great capacity. 

Thermonuclear reactors wil) find application as heat sources for generation of 
steam and electric power through the usual cycle—steam turbines and genera- 
tors. There is a possibility, however, to produce electric power directly in a 
thermonuclear reactor, without resorting to the intermediary thermal cycle with 
its low efficiency. It was G. I. Budker who in 1954, at the Institute of Atomic 
Energy of the Academy of Sciences of the U. 8. S. R., turned his attention to 
this phenomenon and thoroughly explored one of its variations. The possibility 
is tied in with the fact that more than two-thirds of all energy in deuterium 
plasma is yielded in the form of kinetic energy of charged particles. The latter 
are retained by the magnetic field, and it is not hard to see that kinetic energy 
of particles can be directly transformed into electric energy. The pulsating elec- 
tric current can thus be produced in the following manner. Let us assume that 
the plasma is held by the outer magnetic field created by the current in the coil 
which runs around the thermonuclear generator. Let us expand this fleld some- 
what; the plasma will then be subjected to additional compression, and its tem- 
perature and density will grow. 

This will bring about acceleration of thermonuclear reaction and yet greater 
heating of plasma. The latter will start expanding, cooling off, and expelling 
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the magnetic field out of the reactor. Magnetic force lines will cross the coil 
and generate electric current in it. At a certain operational rate, energy of this 
current will be greater than energy spent on compression of plasma. 

Research on controlled thermonuclear reactors commenced in the Soviet Union, 
Great Britain, and United States approximately at the same time. 

In 1950 Academicians A. D. Sakharov and I. Ye. Tamm suggested the first 
model of a thermonuclear reactor, and this initiated further research in the So- 
viet Union. Subsequent research continued in several directions; presently it 
engages several groups of scientists and engineers. In 1956 there were pub- 
lished the papers dealing with one of the trends in research. Research projects 
were carried out under the supervision of Academician L. A. Artsimovich and 
M. A. Leontovich, by A. M. Andriyanov, O. I. Basilevskaya, S. I. Braginskiy, I. N. 
yolovin, S. Yu. Luk’yanov, S. M. Osovets, I. M. Podgornyy, v. I. Sinitsyn, N. V. 
Filippov, N. A. Yavlinskiy, and their coworkers at the Institute of Atomic En- 
ergy of the Academy of Sciences of the U. S. S. R. In these research projects, 
rarefied deuterium was heated by the so-called quick processes in excess of 
1,000,000° C., using for this purpose electric current of up to 2 million amps. 
Emission of neutrons was thereby observed. 

For the last 6 months, the British Atomic Energy Authority has been giving 
out periodic information to the effect that the Atomic Research Establishment 
in Harwell was completing the assembly and going about the business of putting 
into operation the experimental thermonuclear apparatus ZETA. 

In its January 24, 1958, issue, Nature gave a description of ZETA and of 
the first series of tests. 


a * * * %* * * 


Physicists and engineers in all countries have yet to accomplish a great deal 
before fully clarifying the path leading to the commercial use of thermonuclear 
energy. 

In the case of ZETA, the discharge tube with the current flowing through it is 
held stable by a weak external magnetic field from the coils wound around 
the chamber. Young Soviet theoretician V. D. Shafranov in 1953 worked out a 
comprehensive theory of resistance of discharge tubes similar to what has been 
implemented in ZETA 

Research on discharges in toroidal chambers are underway in our country, 
too, though in somewhat different variations than the British ones. We intend 
to present a report on these research projects before the Second International 
Conference on Peaceful Uses of Atomic Energy in Geneva this year. 

*apers written by American scientists for the same issue of Nature contain 
no reference to any facts that would be novel in principle. United States 
physicists have observed neutron radiation in strong pulse discharges; yet radi- 
ation intensities they refer to in their papers are substantially lower than those 
obtained by the physicists of the Institute of Atomic Energy of the U.S. S. R. 

Papers published in the journal do not reflect the scope of research carried 
on in the United States. Here research on controlled thermonuclear reaction is 
-arried on in at least 5 important scientific centers, and more than 500 scientists 
are taking part in research; among them such outstanding physicists as E. 
Teller, creator of the American H-bomb. Research on controlled thermonuclear 
reaction carried on in various countries still remains secret in its major part. 
Thermonuclear reactors can be used for both peaceful and military purposes: 
they can yield fissionable uranium and plutonium for A-bombs. It is hardly 
conceivable to expect frankness among the scientists in various countries en- 
gaged in research on controlled thermonuclear reaction as long as A-weapons 
and H-weapons remain unprohibited. 


(Whereupon, at 12:30 p. m., Monday, February 10, 1958, the com- 
mittee recessed, to reconvene at 10 a. m., Tuesday, F ebru: ary 11, 1958.) 
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TUESDAY, FEBRUARY 11, 1958 


ConGrEss OF THE UNITED SrarTEs, 
SUBCOMMITTEE ON RESEAROH AND 
DEVELOPMENT, OF THE JOINT 
Commirree oN Atomic ENERey, 
Washington, D. C. 

The subcommittee met at 10 a. m., pursuant to recess, in room 
457, Senate Office Building, Hon. Craig Hosmer (California), 
presiding. 

Present: Senators Hickenlooper and Dworshak; Representatives 
Durham (chairman), Hosmer, and Holifield. 

Present also: George E. Brown, Jr., professional staff member, and 
Richard Smith. 

Representative Hosmer. The Subcommittee on Research and De- 
velopment will come to order. 

This is the seventh day of public hearings on the basic research 
program as it relates to the field of atomic energy. 

Today we will continue our discussions of physics which we began 
last Friday. 

We have before us several distinguished scientists who will discuss 
their studies in high energy physics, including work with accelerators 
and cosmic ray research. 

Other members will be here in a few minutes, but because of the 
time element we feel it will be best to start at this approximate sched- 
uled time. 

The first speaker this morning will be Prof. Luis W. Alvarez, of the 
University of California. 

Professor Alvarez was active in the development of the microwave 
early warning system during World War II, and has contributed to 
the development of atomic weapons. 

He is, however, most well known for his development of the 40- 
foot proton linear accelerator at Berkeley, Calif., and his current 
activities in the field of high energy experiments. 

Professor Alvarez will discuss the high energy physics experiments 
at the University of California Radiation Laboratory. 

Professor Alvarez, we are very happy to have you with us this 
morning. 
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STATEMENT OF DR. LUIS W. ALVAREZ,' UNIVERSITY OF 
CALIFORNIA 


Dr. Atvarez. Gentlemen, I have with me my prepared_speech, 
which you requested that I have, and with your permission I would 
like to have it inserted in the record. Then I would like to talk extem- 
poraneously from there on. 

Representatives Hosmer. Thank you, and without objection that 
will be the procedure in connection with any of the other witnesses 
this morning who so desire. 

(The statement referred to follows: ) 


4 AMP. G 4 R SICS ESEA é y. z 
SoME EXAMPLES OF High Enercy Puysics RESEARCH AT THE BEVATRON 


Luis W. Alvarez, professor of physics, and associate director of the Radiation 
Laboratory, University of California, Berkeley, Calif. 


Mr. Chairman, and gentlemen of the Congress, when I first heard I was to 
have the privilege of telling your committee about our work in high energy 
physics, I prepared a summary of what I considered to be the most interesting 
experiments carried out at the bevatron. I naturally devoted a good share of 
my remarks to the beautiful experiments which demonstrated the existence of 
antiproton, and of the antineutron, and measured some of the properties of these 
most interesting new particles. Since the 6.2 billion electron volt operating energy 
of the bevatron had been chosen in order that antiprotons (if they existed) might 
be created, we were naturally exceedingly pleased when they were finally found. 

But when I received my formal notification that I was to appear before you, 
I found that you wanted to hear of the work of my immediate colleagues and 
myself, rather than of the radiation laboratory as a whole. I will therefore 
confine my remarks to the work which my group has been doing for the past few 
years, using liquid hydrogen bubble chambers as instruments to detect what 
happens when the high energy particles from the bevatron interact with simple 
nuclei. 

When one thinks of the scientific equipment at a high energy physics laboratory 
like Brookhaven or Berkeley, he is apt to fix his attention on the huge accelera- 
tors—the cosmotron and the bevatron. But as he gets closer to the subject, he 


1 Born in San Francisco, Calif., June 13, 1911. He received bachelor of science in 1932, 
master of science in 1934, and doctor of philosophy in 1936 from the University of Chicago. 
Research fellow, Radiation Laboratory, University of California, 1936 to 1938; instructor 
in physics, 1938-39; assistant professor, 1939-41: associate professor, 1941-46; and pro- 
fessor, 1946 to present. On leave at Radiation Laboratory of the Massachusetts Institute 
of Technology. 1940—43 ; at the Los Alamos Laboratory of the Manhattan District, 1943—45 ; 
and at the Radiation Laboratory, University of California, 1945-46. 

In 1946 he was awarded the Collier trophy, by the National Aeronautical Association, 
for the development of ground control approach, an aircraft landing system. In 1953 he 
was awarded the John Scott medal and prize, by the city of Philadelphia, for the same 
work. In 1947 he was awarded the medal for merit. 

Early in his scientific career, Dr. Alvarez worked concurrently in the fields of optics and 
cosmic rays. He is codiscoverer of the “east-west effect’ in cosmic rays. In 1936, he 
joined the Radiation Laboratory at the University of California, and for several years 
concentrated his work in the field of nuclear physics. In 1937 he gave the first experi- 
mental demonstration of the existence of the phenomenon of K-electron capture by nuclei. 
Another early development was a method for producing beams of very slow neutrons. This 
method subsequently led to a fundamental investigation of neutron scattering in ortho 
and parahydrogen, with Pitzer, and to the first measurement, with Bloch, of the magnetic 
moment of the neutron. With Wiens, he was responsible for the production of the first 
Hg" lamp; this device was developed by the Bureau of Standards into its present form 
as the aaleurent standard of length. Just before the war, Alvarez and Cornog discovered 
H$ (tritium) and He*. 

During the war (at MIT) he was responsible for three important radar developments— 
the microwave early warning system, a successful high altitude bombing system, and a 
blind landing system of civilian as well as military value. While at the Los Alamos Labo- 

ratory Professor Alvarez developed the detonators for setting off the plutonium bomb. 
He flew as a scientific observer at both the Alamogordo and Hiroshima explosions. 

Dr. Alvarez is responsible for the design and construction of the Perkeley 40-foot proton 
linear accelerator, which was completed in 1947. Since that time he has engaged in high 
energy physics, and has continued his interest in radio engineering by acting as a con- 
sultant to the developers of the Lawrence tricolor television tube. 

Sinee 1953, Dr. Alvarez has spent most of his time in high energy research work at the 
6 billion electron volt bevatron at the Unive rsity of California Radiation Laboratory. His 
main efforts have been concentrated on the development and use of large liquid hydrogen 
bubble chambers. 
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learns that they are only half the story; these big machines are quite worthless 
unless their laboratories are equipped with batteries of complex and expensive 
apparatus with which nuclear reactions can be observed. 

The detection apparatus of high energy nuclear physics falls naturally into 
two classes—time sensitive, and space sensitive. The Geiger counter and its 
more modern relatives are examples of time-sensitive devices. There are two 

relatively old space sensitive devices, which show very precisely where particles 
have gone, but which give very little information about their time of passage. 
| These dectors are the cloud chamber, and the nuclear emulsion, where the 
“tracks” of individual particles are easily seen. In 1952, Donald Glaser, a young 
physicist working at the University of Michigan, showed that when a fast charged 
particle passed through a properly prepared liquid, it would leave a trail of tiny 
bubbles along its path. (See figs. 1 to 7.) It was immediately recognized that 
if “bubble chambers” could be built in large sizes, they would have enormous 
advantages over the previously used track detectors. The Michigan group, and 
several others both here and abroad directed their efforts toward the develop- 


ment of useful bubble chambers operating with liquid hydrocarbons, such as 
| propane. 





Our group at Berkeley concentrated on the development of large liquid hy- 
drogen bubble chambers, because we were impressed by the resulting ease of inter- 
pretation of the pictures, that would result from the “nuclear purity” of the 
| medium. Hydrogen nuclei consist of single protons, whereas carbon nuclei each 
| contain 6 neutrons and 6 protons. Our decision forced us to become “low tem- 
perature engineers,” since a hydrogen chamber must operate at only 27° ©. 
above absolute zero. In the past 3 years, we have built and successfully operated 
chambers with diameters of one-half inch, 1 inch, 214 inches, 4 inches, 10 inches, 
and 15 inches. Each of these was the largest liquid hydrogen bubble chamber 
in the world, when it was put into operation. We have had a great deal of prac- 
tical advice and help from the low temperature experts at the National Bureau 
of Standards laboratory at Boulder, Colo., and we are well along on the construc- 
tion of a liquid hydrogen chamber which is 72 inches long, 20 inches wide, and 
15 inches deep (about the size of a bathtub). We are particularly proud of the 
fact that the design of this very large chamber was well advanced when the 
largest operating chamber in existence was our own 4-inch diameter chamber. 
In a way, this would be like designing a large ocean liner, when the largest previ- 
ously built ship was a 40-foot cabin cruiser. I won’t deny that we had some 
anxious moments along the line, but we now feel confident that the 6-foot chamber 

will work the first time it is tried out, early this summer. 

We were, of course, very fortunate that the Atomic Energy Commission 
backed us in our early enthusiasm to move rapidly into the large chamber field ; 
they could not have been criticized had they asked us to build a few interme- 
diate sized chambers before embarking on the large venture. But their early 
backing of the project has paid off well. Encouraged by the progress of our 
large device, three other laboratories have started to design similar chambers. 
Brookhaven is planning an 80-inch, the British are planning a 60-inch chamber 
to use at the CERN accelerator in Geneva, and the Russians have started work 
on a 65-inch device for use at their 10 billion electron volt machine, the largest 
operating accelerator in the world. It is becoming apparent that a large accel- 
erator will not be considered to be really complete until it has its accompany- 
ing big hydrogen chamber. 

Although we at the radiation laboratory often find it necessary to devote sub- 
stantial blocks of our time to the development of large pieces of hardware, like 
the bevatron and the hydrogen bubble chamber, the real products of our work 
are not the large devices, but rather the experimental data in basic physics 
which we obtain by using these machines. The bevatron is the latest in a long 
series of ever larger accelerating devices built at the radiation laboratory. 
Ernest Lawrence built a number of cyclotrons in the early 1930’s; and when I 
arrived in Berkeley in 1936, I did several experiments on the 28-inch cyclotron, 
which then produced deuterons of 6.3 million electron volt energy. In the 
years I have been in Berkeley, we have built the 60-inch cyclotron, the 184- 
inch cyclotron, and the bevatron; each new machine has produced particles 
about 10 times as energetic as its predecessor. So now, with 3 steps of a 
factor of 10 in energy, we have a 6.2 billion electron volt bevatron, 1,000 times 
as energetic as the first cyclotron I learned to operate. 

I would like to digress for a moment, and tell you what Professor Lawrence 
said on the occasion of the initial operation of the bevatron, because it illus- 
trates so well the nature of our work. A reporter asked him if he could foresee 
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any practical usefulness of the research work which would be carried out on 
the big machine in the years to come. Dr. Lawrence replied that although he 
felt quite sure that nothing of direct practical value would come from it, he 
was afraid to say so, because he had felt the same way about the previous two 
machines, and had been wrong each time. He had expected both of them to 
give a great deal of valuable information about nuclei, which would help us in 
our basic understanding of nature. The scientific community considers such 
information to be ample justification for the building of those big machines. 
We feel that a more complete understanding of the fundamentals of physics 
will eventually prove to be of great value in our modern world, which is so 
thoroughly grounded on science. But in addition to the basic physics which 
came out of the machines, and which, I cannot emphasize too strongly, we feel 
is the real product of our laboratory, the 60-inch cyclotron produced the first 
plutonium, the first tritium, and the first carbon 14. All of these have been of 
practical importance in ways that are quite familiar to all of you. 

Professor Lawrence was surprised to find he had been wrong about the 60- 
inch cyclotron, but he felt he was quite safe in predicting that the 184-inch 
eyclotron would have no practical importance. It was intended to explore the 
realm of meson physics, and certainly nothing practical could come of that! 
But the 184-inch cyclotron has proved to be of value in the practical field of 
eancer therapy, as Dr. Tobias told you 2 years ago at the hearings on medicine 
and biology. Although most of us feel that the 184-inch cyclotron will be 
longest remembered for the important meson work done with it, we are, of 
course, exceedingly pleased that it has turned out to be useful in the medical 
field as well. 

With this background, one can appreciate Professor Lawrence’s reluctance 
to predict that nothing of practical importance would come from the bevatron. 
But again, I would hope that no one ever judges the worth of the bevatron 
by such a criterion. I am confident that future generations will feel that the 
people of our country were well repaid in basic scientific knowledge for the 
money this generation invested in research at the bevatron and other high 
energy accelerators. 

In addition to the general reasons I have just outlined, a specific reason for 
justifying the construction of the bevatron was that it would allow the produc- 
tion of antiprotons and antineutrons. In the several years that were required to 
build the machine, a group of interesting new particles was discovered by 
cosmic ray physicists. It has been very fortunate that both the cosmotron 
and bevatron are able to produce these so-called strange particles in such a 
copious manner that our knowledge of their properties has advanced at least 
a hundredfold over where it would be, had the cosmic radiation remained their 
only source. At least three quarters of all bevatron operating time to date has 
been devoted to a study of strange particles. 

I should take a moment to explain why these particles were originally, and 
facetiously called strange. All natural systems tend to reduce their energy. 
Water flows downhill, and thereby reduces its potential energy. The strange 
particles have considerably more energy than that of the pieces into which they 
split, so they follow the basic principle I’ve just mentioned, and come apart, and 
liberate energy in the process. By ordinary standards, they do this very 
rapidly, in a little less than a billionth of a second on the average. But in 
the light of ordinary nuclear theory, this time is a million-million times too long. 
So we are in the strange position of calling a particle strange because it takes 
so terribly long to disintegrate—almost a billionth of a second! Let me illustrate 
the dilemma of the strange particles by an example in a more familiar time 
scale. If I hold my pencil a few feet over the floor, and let go of it, it will 
fall to the floor in a little less than a second, because it can lose energy by doing 
so. If I found a pencil that, when released, would remain up in the air for 
10,000 years, and then suddenly fall to the ground, you would agree with me 
that it was a very strange pencil indeed. Ten thousand years is a million-million 
times longer than the expected dropping time, just a billionth of a second is that 
much longer than the time a nonstrange particle should take to come apart.) 

Early studies of one of the strange particles which is called a K+ meson, led 
to the discovery that parity is not conserved. You have heard of this from 
Professor Lee. Experiments on K+ mesons at Brookhaven, Berkeley, and else- 
where, and in which, incidentally my group participated (using counters) there- 
fore provided Professors Lee and Yang with the basic data they utilized in 
making their revolutionary proposal. Although we weren’t in on the payoff, I 
believe a baseball scorer would credit the K+ meson experimenters with an assist. 
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Our first real experiment with a hydrogen bubble chamber was designed to 
study what happens when negatively charged K-messons interact with hydrogen 
nuclei, or protons. It would carry me too far afield to discuss this work in de- 
tail, but one set of numbers does illustrate the advantage of bubble chambers 
over previously existing techniques in this field, and, in a way, justifies the 
development efforts we have expended in the past few years. When we did our 
work, the world’s supply of K— proton interactions was less than 10, all of which 
had been observed in nuclear emulsions. Our experiment yielded 250 such events, 
and gave information on a number of reactions which can’t be seen by the emul- 
sion techniques. We are now redoing the experiment with an improved beam 
of K mesons, and expect to analyze in detail, several thousand K~- proton inter- 
actions. I believe that these K~ experiments have contributed significantly to 
the understanding of strange particle behavior, but it would not be appropriate 
for me to try to appraise them more specifically. 

For the past 6 months, we have used the 10-inch bubble chamber in a study 
of strange particle production and decay. In this work, among other important 
results, we obtained evidence that parity is not conserved in a reaction that 
does not involve the emission of a neutrino. Since Dr. Adair of Brookhaven, your 
next speaker, will no doubt tell you of his experiments in this field, I will not 
elaborate further on this phase of our work. 

In conclusion, I would like to describe an interesting reaction which we dis- 
covered quite by accident in the course of our K- experiments. It is a particu- 
larly good example to show the difference between pure research, where one is 
merely trying to add to the basic store of knowledge, and applied, or programatic, 
research, where one has a definite goal in mind. As a matter of fact, the 
K- experiment had some of the aspects of programatic research about it. We 
knew from the work of others that we could learn more about the interesting 
things that happened when K- mesons interacted with protons if we applied our 
new and more powerful techniques to the problem. We spent a lot of time setting 
up a beam of K- mesons, and a lot of effort getting the bubble chamber to operate 
properly. This is typical of programatic experiments where one knows in advance 
what must be done to make a set of improved measurements. 

But when the experiment was in progress and we were analyzing the bubble 
chamber photographs, we found a new kind of “event” that appeared once in 
every few thousand pictures. It looked so much like the well-known decay-in- 
flight of a negative pi meson into a mu meson and then into an electron, that at 
first we paid no particular attention to it. But after we had seen 6 or 7 of 
these events, we were struck by the fact that they looked too much alike to have 
the simple explanation we first gave to them. All of the supposed mu mesons had 
the same range, or length of path in the hydrogen; if they had been real mu 
mesons from the decay of moving pi mesons, each of them should have had a 
different length. The important feature of this experiment, which distinguished 
it from a typical programatic experiment, was that all the pictures were scanned 
by experimental physicists and not by the “professional scanners” we so often 
employ to do this job. A professional scanner would have been instructed to 
look for K- interactions and to ignore such well-understood phenomena as pi-mu- 
electron decays. He wouldn't have recorded these events in his log, and more 
importantly, he wouldn’t have worried about the fact that he saw 2 of them with 
about the same length of mu track—there is no reason why 2 of them shouldn't 
have the same length; it is only strange when 6 have the same length and there 
are hardly ever longer or shorter ones. Those of us who did the scanning filed 
these events in our heads, and later we began to show new examples to the other 
physicists who were scanning in the same room. We then made measurements 
of the track lengths, and kept them in the log, rather than estimating the lengths 
and keeping them in our heads. As we had began to suspect, they all had the 
same length—1.6 centimeters. 

I won't tell you of the various tentative and incorrect explanations we devised 
to explain these queer events, but will jump immediately to the correct answer. 
A negative mu meson loses its energy in passing through the hydrogen and comes 
to rest. It is attracted by a proton and begins to circulate about the proton, just 
as an electron normally does, but in an “orbit” 200 times smaller than the electron 
orbit. (The mu meson is about 200 times heavier than an electron.) The 
proton-mu meson system is neutral and small, so it wanders through the hydrogen, 
much as a neutron might do. In its wandering, it comes close to one of the rare 
deuterons in normal hydrogen (1 leuteron for every 5,000 protons), and because 
it can lose a little energy in the process, the mu meson jumps from the proton E 
to the deuteron. We now have a deuteron-mu meson system which can also rf 
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wander through the hydrogen. It can lose energy by picking up a proton to 
form a “mesic molecule.” The system now consists of a proton and a deuteron 
which are constrained to move inside the very small mu meson orbit. The “mesic 
molecule” is 200 times smaller than an ordinary molecule so the proton and 
deuteron are in a sort of “electric bottle,” very close to each other. They make 
many collisions while confined inside the bottle, and in the process, have a high 
probability of fusing to form helium 3, and liberating 5.4 m. e. v. of energy. The 
fusion energy is transferred to the mu meson, which then appears to come to life 
again, and moves 1.6 centimeters through the hydrogen. After it loses its energy 
for the second time, it decays into an electron in the normal manner. 

As soon as we realized what was happening, we changed the composition 
of our beam, so that we cut out the K~ mesons and increased the chance that 
negative mu mesons would stop in the chamber. We, therefore, threw away 
the original “program” of the experiment, and acted in the traditional manner 
of basic research workers. We increased the concentration of deuterium in our 
hydrogen, and found that the mu mesons had more chance to catalyze a fusion 
reaction before they decayed. (And in the process of changing the concen- 
tration, we found an unexpected difficulty, which when we explained it, indicated 
the existence of a new and perhaps cheaper way to separate deuterium from 
normal hydrogen. We didn’t follow this lead into basic processes in chemical 
engineering, but have instead referred it to others more competent than ourselves 
in this field.) 

When we first realized what was happening, we thought there was a chance 
that the new phenomenon might have practical importance in the exploitation 
of fusion power. This optimism disappeared in a matter of days, as we learned 
more of the process. But it was an exciting experience to have, even for a day, 
the feeling that we might have stumbled onto the solution to the Sherwood 
problem, when we were working in a field so remote from that of high temperature 
plasma research. 

By spending so much time on our mu meson catalysis experiments, I haven’t 
given a balanced picture of our work at the bevatron. But I hope that I have 
been able in this way to show you how we tackle a research project in basic 
physics, and how we try to remain free to follow new clues wherever they 
may lead us. 

BIBLIOGRAPHY 


(UCRL papers referred to in talk by L. W. Alvarez) 


1. Lifetimes of the K mesons. L. W. Alvarez, F. S. Crawford, Jr., M. L. Good, 
and M.L. Stevenson. Phys. Rev. 101, 503 (1956) 

. The interaction of K~ mesons with protons. L. W. Alvarez, H. Bradner, P. 
Falk-Vairant, J. D. Gow, A. H. Rosenfield, F. Solmitz, and R. D. Tripp. 
Nuovo Cimento 5, 1026 (1957) 

3. The catalysis of nuclear reactions by mu mesons. L. W. Alvarez, H. Bradner, 

F. S. Crawford, Jr., M. L. Good, J. D. Gow, A. H. Rosenfeld, F. Solmitz, 
M. L. Stevenson, H. K. Ticho, and R. D. Tripp. Phys. Rev. 105, 1127 (1957) 

4. Detection of parity nonconservation in A decay. F. S. Crawford, M. Cresti, 
M. L. Good, K. Gottstein, E. M. Lyman, F. T. Solmitz, M. L. Stevenson, and 
H.Ticho. Phys. Rev. 108, 1102 (1957) 

. Bubble tracks in a hydrogen-filled Glaser chamber. J. G. Wood. Phys. Rev. 
94, 731 (1954) 

. Liquid hydrogen bubble chambers. D. Parmentier, Jr., and A. J. Schwemin. 
Rev. Sci. Inst. 26, 954 (1955) 

. Liquid hydrogen bubble chambers. L. W. Alvarez. Proc, of the CERN 
Symposium, 2, 13 (1936) 


Dr. Atvarez. Now, I would like to take you on a sort of tour of the 
radiation laboratory. This is the easiest way to show you what we 
are doing in Berkeley. If you had come to Berkeley, I would first 
have taken you on a tour of the bevatron. Here is a picture of the 
bevatron (fig.1). It isa 6.2 billion volt proton accelerator, the largest 
one in this country, and until very recently the largest one in the world. 

The Russians, as you know, have a somewhat higher energy machine 
constructed now, although our latest word is that it is not operating 
very well. 
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Representative Hosmer. As a matter of curiosity, what happened 
to that old cyclotron that Dr. Lawrence had near the mining building 
about 1937% That is when I left the campus. I have not been back 
since. 

Dr. Atvarez. That is just about when I arrived. I arrived in 1936 
and worked with the old cyclotron which was then giving 6 million 
volts. Now we talk about billions. That cyclotron was sent down 
to the University of California at Los Angeles, where it has been in 
operation for the past few years. It has been doing very good physics. 
The building which the cyclotron was in will be torn down in a year, 
so if you come back next year you will not recognize the place at all. 
Incidentally, that cyclotron was at that time the highest energy ma- 
chine in the world. It was superseded a few years later by the 60-inch 
cyclotron, which gave energies about 10 times as high. Then we 
built the 184-inch cyclotron, which was again about 10 times higher 
in energy than the 60 inch, and now, with a third jump of 10 in energy, 
we are up to 6 billion volts. 

As you know, our laboratory was not established by the Atomic 
Energy Commission the way Brookhaven and the Argonne and some 
of the other laboratories were. We are part of the University of 
California, and were in existence when the Atomic Energy Commission 
came into being. 

After looking at the bevatron I would show you some of the appara- 
tus that is set up in its vicinity. For example, the smimecomeatal work 
that is going on today is concerned with antiprotons. These are 
particles which were discovered a little over a year ago by Dr. Segre 
and his group, and shortly after that the antineutron was found by 
Dr. Lofgren’s group. 

The laboratory runs 2 shifts a day, 16 hours a day, and experiments 
are set up in several places around the machine. There are very often 
3 and sometimes 4 experiments going on simultaneously. 

As we walked around the bevatron, you would see, in addition to 
the antiproton equipment, three bubble chambers. The bubble cham- 
ber is a very important recent invention by a young physicist from 
Michigan, Don Glaser (fig.2). At the moment, around the bevatron, 
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Figure 2.—Schematic diagram of hydrogen bubble chamber. 


we have a hydrogen-filled chamber, a propane-filled chamber and a 
helium-filled chamber; this last one comes from Duke University and, 
incidentally, it is the first major experiment done by an outside physics 

roup at Berkeley. In the past years, most of our outside work has 
an connected with the exposure of large blocks of nuclear emulsion. 
People from Europe and from many laboratories in this country send 
their emulsions to Berkeley to be exposed, and then take them home 
and study them under the microscope. So a great many experiments 
in high energy physics these days originate at the bevatron, but the 
work is published by outside groups, 
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Now, after a tour of the bevatron, I would take you up to my office 
where I would show you some of the photographs we take with our 
bubble chambers. I would show you the equipment that we use to 
measure these photographs, and I want you to talk with some of our 
young doctors of philosophy, the men w ‘ho are actually on the firing 
line in the physics laboratory. They are the most important group 
we have in the laboratory. They are the ones who spend night and 
day doing the physics. I could not bring any of these men here with 
me, but I am going to be followed by two examples of these researchers, 
Dr. Adair and Dr. Gell-Mann, who are the kind of men we like to 
have in our laboratories. 

Then you might ask for samples of some of the pictures that we 
have taken with our bubble chamber. This very often happens; some- 
one will say, “My boy is studying physics in high school and I would 
like to have some of the pictures to take home. »” So I have taken care 
of that, by leaving at your desks some of the examples of the pictures 
we have taken (figs. 3-7). 





FIGURE 3.—An example of a mu meson (m-~) entering from the top which cata- 
lyzes two fusion reactions (at A and B), and which then decays at C, into an 
electron 
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Fieure 4.—A negative pi meson (m~) enters from the bottom, and hits a 
proton (in a hydrogen atom), at A. The resulting particles (lambda zero 


and K zero) are both neutral, so they don’t make tracks. One neutral 
particle, the lambda, decays into a proton (P) and negative pi meson 
(~~) at B. The neutral K meson decays at C, into a plus (r+) and minus 
(r~-) pi meson. This is called associated production of two strange particles 
(the lambda zero and K zero). 
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FicureE 6—A pi meson (2) from the bevatron enters from bottom of 
photograph, reacts with a proton at A and the reaction results in the 
production of a lambda (not shown in this picture) and a K zero (K°) 
which does not show in the picture, but which decays into a plus (#*t) 
and minus (m~) pi meson at B. One of the pi mesons, (rt), stops at C 
and decays into a mu meason (m+). The mu meson stops at D and decays 


into an electron 
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Fieurr 7.—At A, the pi meson coming in from the bottom of the photograph, 
interacts with a proton, and makes a e« (hyperon) and a K* meson. 
The hyperon (e~) decays at C, into a pi meson (7-) plus a neutron. Since 
the neutron has no charge, it cannot be seen. The K+ decays at B, into a mu 
meson (m+) and a neutrino (not detectable) 
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I mentioned the bubble chamber earlier. I would now like to 
spend a little more time on it, because our particular group at 
Berkeley has concentrated on the development of large liquid 
hydrogen-filled bubble chambers. 

Representative Hosmer. Will you explain that one function? 

Dr. Anvarez. Yes, I will. Dr. Glaser showed that when a 
particle from an accelerator goes gg a properly prepared liquid, 
it will leave a trail of tiny bubbles. Here, for example, is a picture 
of an electron slowing down in hydrogen, in a magnetic field. The 
magnetic field makes the electron go in a circle (fig. 4). 

As was explained yesterday, the lower the energy, the smaller the 
circle. So as the particle slows down, because of the friction in the 
— it goes in an ever smaller circle, and the bubble track ends up as a 
spiral. 

* Glee first reasoning involved a bottle of beer. He noted if you 
take the cap off a bottle of beer, it starts to “boil.” It generally starts 
to boil at the rough spots on the edge of the glass. Glaser thought 
that perhaps if a particle had passed through the beer just before the 
cap was removed, then the local heating due to the passage of the 
particle would start the beer “boiling” along the path. He tried the 
experiment. It did not work with beer, but it did work with ether, and 
we have found at Berkeley that it works with liquid hydrogen. Liquid 
hydrogen is, of course, important, because from a nuclear standpoint, 
itisa pure liquid. If you have carbon in the liquid, the complex carbon 
nuclei composed of 6 neutrons and 6 protons make the pictures harder 
to interpret. 

We have concentrated on liquid hydrogen chambers, starting out 
with one a half inch in diameter and progressing to 1 inch, 2 inches, 
4 inches, 10 inches. Now we are operating a 15-inch chamber and have 
well under construction a 6-foot-long chamber which we hope to have 
operating this summer. 

I would like to show you pictures of some of the chambers. I don’t 
have the pictures of the very small chambers. We were working so 
fast in those days that we didn’t have time to have a eee in 
to take pictures. Here is a picture of the 4-inch bubble chamber (fig. 
8). Since the thing is at low temperature, 27° above absolute zero, 
it has to be in a vacuum chamber. Here is a copper wall of the cham- 
ber; there are glass windows gasketed to it, so one can see the hydro- 
gen inside. 

Here is a picture of the 10-inch chamber (fig. 9), which is the first 
one that really did any important physics. This bubble chamber has 
been exposed to the bevatron for a good fraction of the past year and 
a half, and we have taken about 600,000 photographs of things hap- 
pening in the hydrogen. I will show you some examples of these 
pictures. 
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FIGurRE 10. 


Representative Hosmer. Where are the particles introduced into the 
chamber ? 

Dr. Atvarez. There is the “thin window.” It is about an eighth 
of an inch thick. You can see the indentation here in the thick wall 
of the copper. All of the pictures are taken stereoscopically, so we 
can tell how far up and down things are in the chamber, as well as 
where they are ina lateral direction. 

Representative Hosmer. Where are your cameras? 

Dr. Atvarez. The cameras are mounted up here. This is a picture 
which shows the 10-inch chamber down here, and the camera is 
mounted up here (fig. 10). It is a double eyed camera. It takes a 
picture through the center of these hollow tanks. This one is filled 
with liquid hydrogen, and this one is filled with liquid nitrogen. 

The 10-inch chamber has turned out to be a very useful device in 
the laboratory. We have done three experiments using it, and I think 
most people would agree that the results have been quite useful. 

Representative Hosmer. Your increase in size contributes what to 
the experiments ? 

Dr. Atvarez. Many interesting “events” occur when a particle from 
the brevatron comes in and interacts with a hydrogen nucleus in the 
chamber, and some new particles often come out. The change of having 
such a thing take place is just proportional to the size of the chamber. 

Now, if you ask what is the chance of one of these secondary par- 
ticles doing something, that is again proportional to the size of the 
chamber. So the usefulness sometimes goes up quadratically; that 
is, if you make it twice as long, you get four times as much usefulness 
out of it. 
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When we started to build the 6-foot chamber, some people thought 
we were going a little too far; but we take some comfort from the fact 
that in the last few months, three other large laboratories in the 
world have announced plans to build chambers almost the same size, 
in one case a little bit bigger. 

Representative Hosmer. Then I understand you get the further 
sequence of the reaction by the larger size. 

r. Atvarez. That is absolutely right. The Brookhaven people 
are planning to build an 80-inch chamber. The British are working 
on a 60-inch, and the Russians on a 65-inch. We started the desi 
of the 6-foot chamber when the largest one operating in the world 
was our own little 4-inch chamber. This was a very large extrapola- 
tion from known sizes and we were a bit frightened by it, but things 
have turned out all right. 

We are particularly happy that the Atomic Energy Commission 
backed us so enthusiastically in our plans to build this chamber, 
because they could very easily have asked us to build a few inter- 
mediate-size chambers in order to trim up our knowledge. But they 
encouraged us to go right ahead, and the chamber should be operating 
in the summer. We also had considerable help from the National 
ae of Standards’ large low-temperature laboratory at Boulder, 

Yolo. 

Now as to the physics we have done with this chamber, it involves 
the “strange particles,” a new class of particles which was discovered 
while the bevatron was being constructed. I had planned to sa 
something about these particles, but Dr. Murray Gell-Mann, who is 
a sort of “father of the strange particles’—he invented the word 
“strangeness”—will be following me shortly; I think I would rather 
defer the discussion of strange particles until Dr. Gell-Mann has come 
before you. So all I will say is that we have done some interesting 
experiments with these interesting particles, and it has had an appre- 
ciable effect on our knowledge of these particles. 

Representative Hosmer. Do you wish to come back after Dr. Gell- 
Mann is finished ? 

Dr. Atvarez. No, sir. I merely say I will let Dr. Gell-Mann discuss 
these experiments. I might point out that in this kind of physics, 
we use Einstein’s equation in the opposite sense to that which most of 
your people in the Atomic Energy Commission use it. The main 
business of the Atomic Energy Commission is converting mass into 
energy. We do it the other way around. We supply energy to the 
Bevatron, and we use this energy to create the mass of new particles, 
which we then very often see in devices like the bubble chamber. I 
will not describe these photographs in detail, because I don’t think 
that would add much to the clarity of the morning’s session. 

Representative Hosmer. Are these photographs referred to in your 
formal remarks? 

Dr. Atvarez. I have written a description of each event on the back 
of the photograph, and it should be inserted in the record. 

Representative Hosmer. Perhaps our staff may get together with 
you on it. 

' After we have these pictures, that is just the beginning. As I said, 

we have about 600,000 pictures from our 10-inch chamber. We have 

to do something with hens to get the physics out. We have to make 
23103—58——-36 
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measurements on the photographs, and we have to find the interesting 
events; this we do in our scanning program. 

We have a scanning device like this, figure 11, where each pair of 
pictures is looked at in detail. I should say this is not a very good 
photograph—there is generally an attractive girl sitting here, twid- 
Glisietihe htiobe: and watching the pictures. If you came by, she would 
look up and explain to you what the pictures were, and what she had 
found in the last few pictures. Most of the pictures don’t show any- 
thing particularly interesting. She records the interesting events. 
Then the films, marked in that way, go to this device, figure 12, which 
we call Frankenstein, because it was designed by Jack Franck of our 
laboratory. It is a semiautomatic measuring device, which measures 
the positions of the tracks on both stereoscopic views, and punches the 
data into IBM ecards. Then we send the cards to an automatic com- 
puter, which figures out where the tracks are in space. 





Figure 11. 
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Ficurke 12. 








FIGURE 13. 
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FIGURE 14. 


This machine, plus the computers, tell us what happened. From 
there on the information goes to physicists who plot curves, and make 
their theoretical interpretations of the data. 

I have here a photograph of the 15-inch chamber (fig. 18) which I 
won’t go into any detail because time is running short. This chamber 
is starting to run now, and we are looking forward to some interesting 
results with it. 

Here is a photograph (fig. 14) of the model of the 6-foot chamber. 
It is housed in a magnet which is considerably larger than the 27-inch 
cyclotron you referred to. This whole thing weighs about 200 tons. 

e chamber is down inside here, and the whole assembly can walk 
along on these very large feet. It can crawl along at the rate of about 
100 feet an hour. It can go from one beam in the Bevatron to another. 

I would like to show you a photograph of the actual chamber itself, 
6 feet long from here to here (fig. 15). This is the place where you 
figuratively “let the top off the beer bottle.” You let the pressure off 
here, and the liquid then becomes ready to boil. I’m sorry I can’t 
show you a photograph that was taken of this thing about 2 months 
ago, when 2 very distinguished Russian scientists were at the labora- 
tory. Professor Blokhintsev took a picture of Professor Dzelepov, 
the director of the Russian cyclotron laboratory, who was sitting in this 
thing and pretending it was a canoe. We have not seen the picture 
yet, but I imagine it is creating a certain amount of interest m Russia. 
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FIGURE 15. 


We did another experiment on strange particles, which is very much 
like one which Dr. Adair will describe immediately after I finish. So 
I will not go into it at all. 

I have not spent any appreciable time telling you about the strange 
particle physics we have done, because without the background which 
Dr. Gell-Mann will give you shortly, it would be rather difficult to do 
so. But I would like to take a moment to tell you of a type of event 
which we happened on quite unexpectedly a little over a year ago. 
This is what we call the “catalysis of fusion reactions.” You remem- 
ber a catalist is something that promotes a reaction, but does not enter 
into the reaction itself. 

We found in the bubble chamber, quite by accident, that a mu meson 
could come to rest in the liquid hydrogen, and then bring a proton and 
a deuteron together in a small region of space, sort of an electric bottle, 
if you want, and make them fuse. We observed the fusion of protons 
and deuterons in the bubble chamber on many occasions, at very low 
temperature (fig. 16). This was 27° above absolute zero instead of the 
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FicurRE 16.—A negative mu meson (m—) enters photograph from left (at A), 
stops (at B), and a catalyzing reaction takes place (proton plus deuteron he- 
lium 3 plus energy). 


The negative mu meson is then bounced off to C, where it 
decayed into still another particle, an electron, whose track is C to D. 


very high temperatures that the Sherwood people are talking about. 
We had the exhilaration of thinking for about a da 


that we had 
stumbled on to the solution of the Sherwood problem. We put in some 
numbers and calculated that with a little luck, and if we used tritium 
and deuterium, that the reaction might take place often enough so that 
we would make enough energy to make some more mu mesons in the 
cyclotron and get a sort of fusion chain reaction. This optimism did 
not last very long. But it isa terribly thrilling thing to think, even for 


one day, that you have solved quite unexpectedly, one of the most 
pressing problems in the history of the world. 
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Representative Hosmer. Why did that not prove to be the solution? 

Dr. Atvarez. The reason for that has to do with a detail of the 
reaction; the mu meson sometimes gets stuck on the helium 3 product 
of the fusion reaction, and cannot get away to promote any more 
reactions. Also, the time that it takes for a mu meson to promote the 
reaction is longer than we had thought in our most optimistic days. 

The main reason I mention this experiment is not because it was 
of practical importance; it was not important, but it does illustrate 
very well the fact that when you are doing an experiment in one part 
of basic physics, you can quite easily find something that bears on 
another area in physics. The main characteristic of eke physics is 
that one is able to shift rapidly into a new field when something turns 


up; he does not have a fixed program that he has to follow from begin- 
ning to end. 


Thank you very much. 

Senator DworsHak. Has there been any acceleration in this basic 
research work since the sputnik ceeneeaet | What is the general 
reaction among you and your associates 

Dr. Atvarez. Our reaction is that we would like to speed up our 
research. But, if anything at the moment, we are slowing it down. 
The development of the large bubble chamber which I spoke to you 
about has had to slow down because our funds are running out. Some 
of this is our own fault. We underestimated by 15 percent the total 
cost of the machine. As I said, it was an extrapolation from a 4-inch 
chamber to a 6-foot chamber, This is like saying, I have built a cabin 
cruiser, therefore I will predict how much it costs to build an ocean 
liner. 

Senator Dworsuak. Who is responsible for that retrenchment in 
your work / 

Dr. Atvarez. As I say, it was largely our own fault because we ran 
out of construction funds. 

Senator DworsHak. How did you dothat? Did you have too many 
persons employed in this work ? 

Jr. Atvarez. No; it is just that we made a very large projec- 
tion into the future, in a field where we had had very little experience, 
that we went over. But I think it is remarkable that we came as close 
as we did. 

Senator DworsHak. With your existing personnel, do you think that 
greater progress could be made if more funds were available? 

Dr. Atvarez. I have no questions about that at all. I saw that Dr. 
Seaborg was quoted as saying that the research fund should be in- 
creased someplace between 50 and 100 percent. I would like to second 
that very strongly. I do not think at the moment that we would know 
how to take care of a 100-percent increase. But I think we will have 
great difficulty in operating the next year or two if we don’t have a 50- 
percent increase. 

Senator DworsnHak. In many areas there is a natural shortage of 
scientific personnel; is there not ? 

Dr. Atvarez. That is true. I have a sort of form letter that I send 
out to highly qualified people who want to come and work in our 
laboratory, saying we are very sorry we cannot take them becouse we 
have no funds. It has been very disappointing for the past year to see 
that we have had to pass up so many very good people. Instead, what 





" ese et Ae ee 
ES TT TT AT IE — 





554 PHYSICAL RESEARCH PROGRAM 


we do is take people who have sabatical leaves from universities, who 
want to come to the laboratory, and who have their salary paid by their 
own universities. They are not always the most experienced people we 
can get, but we feel we should take these people, because they are in a 
sense not quite so expensive. 

Senator Dworsuak. Are there any unemployed scientists now ? 

Dr. Atvarez. I don’t know of any. 

Senator DworsHak. You say you have to express your regrets you 
are unable, because of lack of funds, to increase your staff. Is that 
the actual situation ? 

Dr. Atvarez. That is the actual situation. But I don’t think any 
scientists are walking the streets at the moment. 

Representative Hosmer. Did you take over a lot of people from 
Brookhaven ? 

Dr. Atvarez. That is a difficult question to answer. We have two 
groups of scientists now working at the laboratory, who have done 
work at Brookhaven; Dr. Glaser’s group from Michigan, and Dr. 
Block’s group from Duke University. We also have tentative ar- 
rangements for two other groups, one fom MIT and one from Prince- 
ton, to come to work at Berkeley in the fall. Actually, we had quite 
a full program on the bevatron scheduled for many months ahead, 
as we always do, and it was quite difficult to fit in all of the Brook- 
haven experiments that we would like to have fitted in. The bevatron 
has been operating only 2 out of 3 shifts for the past several years. 
The Atomic Energy Commission in the past week has allotted extra 
money to us so that we could put on the third shift. This, of course, is 
going to help tremendously because when you put on an extra shift, 
instead of just running the operating time up by 50 percent as you 
would calculate in a simple-minded way, you actually get about twice 
as much operating time, because it generally takes the bevatron sev- 
eral hours to come on in the morning after it has been turned off at 


night. 

Tiscstnutative Hosmer. Did you pick up any information from 
the Russians during their visit as to what they are doing? 

Dr. Atvarez. Yes; they told us in very great detail about what 
they were doing. In the past we felt they were always a little bit 
cagey about their plans. This time they told us in a good bit of 
detail, not only what they were doing now and what they had done 
last year, but also what they were planning to do in the years to come. 
We felt this was quite a change in their attitude. Always in the 
past they have said, “We don’t know what we are going to do in the 
future, and the latest results are not in, so we can’t tell you yet.” 

Representative Hosmer. Did they tell you about the difficulties they 
were having ? 

Dr. Atvarez. Yes. They said they were having difficulties making 
their 10-billion-volt machine work. They said the engineers working 
on it would not allow any physicists in the laboratory yet, because 
it was not working well. 

Chairman DurHam. Doctor, what do you think of their work, after 
listening to them ? 

Mr. Atvarez. Well, I learned more about their work, sir, when I 
was in Russia last year, than I did by talking with them here. I was 
very much impressed with the work that was done at their cyclotron. 
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It was very competent work. It was very well done. The only thing 
that seemed missing in it was that there was nothing new that had 
not been done in the outside world. They were taking an experiment 
which had been done, let us say, at Columbia or Chicago or Berkeley 
on acyclotron. They would do it again on their higher energy cyclo- 
tron, and extend the points on the curve up to a little higher energy. 
This, of course, is what they have to do before they can go on and do 
new things. They have to learn the techniques and repeat the old ex- 
periments. I expect that in the next few years we will see them 
branching out into new areas of physics, that we have not been in yet. 
As of a year and a half ago, when I was there, I did not see anything 
new in the way of physics | that had not been done in the outside world. 
But I think this is just part of their process of growing up scien- 
tifieally. 

Senator Hicxentoorer. Thank you, Professor Alvarez. We ap- 
preciate your coming here. 

Dr. Atvarez. Thank you, Mr. Chairman. 

Senator Hicken.oorer. The next speaker this morning is Dr. Rob- 
ert Adair, of the Brookhaven National Laboratory on Long Island. 
Dr. Adair did his graduate work at the University of Wisconsin as an 
AEC predoctoral fellow. 

In 1953 he was appointed a Guggenheim fellow and has been at 
Brookhaven since that year. His main field of research is in high- 
energy physics, and he will describe some of his work in connection 
with the Brookhaven cosmotron. 


STATEMENT OF DR. ROBERT K. ADAIR,’ OF BROOKHAVEN 
NATIONAL LABORATORY 


Dr. Apatr. Professor Alvarez has told you a lot about the equip- 
ment we use. The experiments of my group and which some of the 
groups at Brookhaven have been doing are quite similar to some of the 
work at Berkeley. We use somewhat the same equipment. 

Our particular interest is in the physics of elementary particles, 
vetiedieae the so-called strange particles which Professor Alvarez 
mentioned, 

I think the best way to think of these particles is in context with 
their relationship to the neutrons and protons we find in the atomic 
nucleus. A proton has an electric charge. You can measure the charge 
in the proton by measuring the force between two protons. You get 
an ordinary electrostatic repulsion. 

If you put the protons c lose together, you will find a specific nuclear 
force. This nuclear force is due to a *-meson charge and a K-meson 
charge, which in some respects are similar to an electric charge. 


1 Born August 14, 1924, at Fort Wayne, Ind., oldest of three children. Attended grade 
schools in Fort Wayne and Milwaukee, Wis., and high school in Milwaukee. Enrolled at 
the University of Wisconsin in 1941. Inducted into the Army in 1943, served as infantry 
rifleman and squad leader. Wounded if 1945, discharged as staff sergeant, 1946. Reen- 
tered the University of Wisconsin with assistance of Public Law 16 (vocational training 
for disabled veterans). Received bachelor of science degree in 1947, master of science in 
1948, and doctor of philosophy in 1951. AEC predoctoral fellow, 1949-50. Instructor, 
University of Wisconsin, 1950-53. Conducted research in low-energy nuclear physics. 

Married in 1952; have three children. 

Guggenheim fellow, in 1953: associate physicist, Brookhaven National Laboratory, 1953- 
57. Physicist, 1957 to present. Fellow, American Physical Society. 

Present field of research : properties of fundamental particles. 
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If you shake the proton, for example, subject it to some sort of 
collision, it will emit, because of its electric charge, electromagnetic 
radiation, similar to light or X-rays. In the same way if you shake 
a proton, shake it a little more violently this time, you will get K- 
mesons radiated and z-mesons radiated. The K-meson will be the 
result of the K-meson charge, the z-mesons result from the z-meson 
charge. 

Unlike the electromagnetic radiation, the K-mesons and -mesons 
are particles which have a mass. According to Einstein’s mass energy 
relationship we are going to have to supply some energy to provide 
this mass. So, if we are going to shake the proton to produce mesons, 
we are going to have to supply some energy in the shake. The mass 
of the x-mesons is equivalent to about 140 million electron volts. 

To oe a IX-meson requires almost 700 million electron volts. 
The efficiency of transfer of energy in nuclear reaction is always less 
than 1. So we are going to need more than 140 million volts in order 
to produce z-mesons and study their properties and we need more 
than 700 million volts, in fact almost a billion volts, to produce K- 
mesons and to study their properties. This is why the study of K- 
mesons and their associated particles is restricted to the high-energy 
accelerators, the accelerator of energy of more than a billion electron 
volts. 

Chairman Durnam. What is the highest one you have? 

Dr. Avarr. The Berkeley machine runs up to 6 billion electron 
volts. The cosmotron at Brookhaven runs up to 3 billion electron 
volts. 

There are 2 electron accelerator machines, 1 at Cornell and 1 at 
California Tech, which run to about 1.1 billion volts. I believe both 
of these outfits are in the process of increasing their energies. All of 
these machines have produced K-mesons and have been instructive in 
teaching us a little about this K-meson charge and the K-meson 
radiation. 

I would like to talk now about a specific kind of experiment, and 
show some of the specific kinds of ae leirinetion we are getting. 

In this experiment—and I will just talk about how it is done at 
Brookhaven—we take the circulating proton beam in the cosmotron 
and run it into a target. This produces a lot of z-mesons. Then we 
run these z-mesons into a bubble chamber, bubble chambers of the type 
that Professor Alvarez described. 

Let me show a picture such as we might see in the bubble chamber 
(fig. 1, p. 563). In the bubble chamber we will see a track coming in, 
and this will be a z-meson with a negative charge. The reason it forms 
a track is that the negative charge passing through the liquid agitates 
the liquid and creates a lot of heat. The liquid tends to boil in this 
path. You see a string of bubbles. 

Here it strikes a proton in the chamber. This particular kind of 
m-meson has a negative charge; the proton has a positive charge. The 

roton absorbs the z-meson and there are two neutral particles pro- 
uced. The proton radiates a K-meson. 

One of these neutral particles is the so-called K-zero meson. A neu- 
tral particle passing through this liquid does not interact with the 
ae and does not produce any heat, so the liquid does not boil. So, 
we do not see any track here. 
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Off on this side comes a so-called lambda-zero particle that is pro- 
duced and decays to two particles. This picture (fig. 2, p. ash) shows 
there is a lot of information in one picture like this) that, unlike the 
emission of electromagnetic radiation, the proton changes its character 
when it radiates. It changes into a new kind of particle, a lambda 
particle. 

We have a K-meson and the lambda particle, and we find that the 
K-meson or lambda particles belong to the classification that Gell- 
Mann has called strange particles. 

I will say something about their really rather strange properties 
which give them this slightly poetic name. For one thing, they travel 
a long distance before they decay. This distance is of the order of an 
inch. 

Now, there is a certain interaction or force which causes the produc- 
tion of these particles and a certain interaction or force which causes 
their decay. Roughly speaking, the strength of this interaction is 
proportional to the time it takes to be produced or decay. So, some- 
thing that lives a very long time does not have a very strong force, 
which causes the decay. 

On the other hand, if it is produced in a very short time, there must 
be a very strong production force. These particles are produced in 
roughly the time it takes a z-meson to cross the proton. So, they are 
produced in a very small time. 

On the other hand, it takes an inch or so to decay. So, it decays in a 
very long time. The difference in these times is about 10 trillion. The 
forces that cause the production of these particles are about 10 trillion 
times as large as the forces that cause their decay. 

This immediately is something which did not fit in our previous 
ideas about such things. It was strange; one of the things which 
caused the idea that these are strange particles or that there is some- 
thing different about them. 

We now have a scheme in which we fit these things so we understand 
to some extent the relationships between them, but we do not under- 
stand this in any detail. It is a large part of the program at Brook- 
haven to try to understand these interactions, the properties of these 
particles, the property of the production interaction, and to see just 
where it fits in not only with the nuclear force in which it must play 
some part, perhaps small, perhaps large, but in our general idea of the 
whole construction of nature, the whole hierarchy of fundamental 
particles. 

What we do in these sort of experiments is this: We look at a large 
number of these interactions and we see particles produced at different 
angles. We try to interpret the distributions in terms of some intrinsic 
Les rane of these particles and the properties of the production 
mechanism. 

For example, we have measured the spin of these particles. It turns 
out that all the fundamental particles have a certain mass, they have 
acertain charge. They also will have a certain specific rotation, which 
would not be changed by any outside force, just as if they were spinning. 

In order to fit these particles into a general scheme we have to know 
these properties. One experiment which we have completed is an ex- 
periment to measure these spins. 
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I would like to describe this in some detail. It is really rather sim- 
ple. Let me draw a round ball as the proton. I often think of it as 
aballbearing. Wethink of this 7-meson coming in. Now, in general, 
the r-meson 1s going to hit the proton. If it hits it off center, it 1s going 
to provide some sort of rotation. 

We can think of this wheel of the gyroscope as being the proton. As 
it gets kicked by the z-meson there will be some rotation. Now it de- 
cays into the K particle and the lambda particle. If these particles 
have any intrinsic rotation or any natural spin, the spin is going to 
have a tendency to be in the same direction as the original rotation. 
That is, if there is any spin to this particle it will tend to be in that 
direction, just as the direction of the spin of a gyroscope is hard to 
change. It is really very much the same thing. 

Now, when these particles decay, they decay into other particles, 
you might guess, just as, if this wheel would break up, there will be a 
tendency for the particles to fly off in the plane of the wheel. So, 
what we have done is investigate the direction of decay of these 
particles. 

We, at Berkeley and at Brookhaven, have looked at several hundred 
of these events. We look at the decay of these particles, and we find 
they come out in all directions and not preferentially in the plane of 
rotation. This shows that the intrinsic spin or intrinsic rotation of 
these particles must be very small. 

If they had a lot of spin, we would see a great tendency for the decay 
particles to come out in the plane of this rotation. Since this does 
not occur, we find the spin of the K-meson is zero; it has no spin at all, 
and the spin of this lambda particle is one-half quantum mechanical 
unit, which is the smallest spin a particle of that kind can have. 

It is by the study of relationships like this, which usually can be 
represented in some reasonably simple fashion, that we learn some- 
thing about the properties of these strange particles. 

I would like to talk about one other aspect of the situation, and that 
is the so-called parity of these interactions. Now, we have talked 
about the properties of the particles themselves, the spin. The mass of 
these particles have been measured. Their lifetimes have been meas- 
ured. That isa property of the particles. Now we would like to talk 
about the property of the interaction; the property of the force that 
produces these particles. 

Up until a year or so ago, we believed that everything was the same 
when we looked into a mirror ; that is, any actual physical situation, the 
relationships between the quantities would be the same as viewed in a 
mirror as they would when viewed directly. Let us take this picture 
again. 

“We have a z-meson going in this direction. Say we have a lambda 
particle coming out in this direction. Now, we know the lambda par- 
ticle is a particle with a spin. It has a very small spin, but it does 
have a definite spin. With this little model I have tried to represent 
this (fig. 3, p. 565). 

We can think of this as the z-meson going in, this as the lambda 
going out, and this as the spin of the lambda which is going to have 
some kind of spin. What 1 say is that if parity is conserved in this 

roduction mechanism, the interaction that produces these, we will 
find that if we look at this in a mirror we would see the same thing. 
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Chairman Durnam. What do you mean by parity production ? 

Dr. Apatr. Maybe it is a bad word to use. Probably a more useful 
way of saying it is that we want to know if this production preserves 
the reflection in a mirror. For example, you have a violin string and 
you bow this violin string very lightly in the center (fig. 4, p. 566). 
You will see a violin string that vibrates like this. If you place a 
mirror here, you will see that the reflection of this side of the violin 
string here looks like the continuation of a violin string. 

A physicist would say that this particular violin string had an even 
parity. Now, let us say we bow the violin string a little differently. 
Then we might find a violin string like this. This, if reflected in the 
mirror, would change. If we look at it in a mirror, it should look like 
this. This would be odd parity. 

If we take a violin string which has been bowed so that it looks like 
this, and we hit it in the middle, we will find we will never get an 
interaction like this. If we do it in a symmetrical way around the 
mirror, touch it in the center, we will never produce any of this. 

Incidentally, if this violin string is the A string, this would be A 
one octave higher. We will never get any note one octave higher as 
long as we strike the string evenly on both sides. Let me touch this 
string over here, and you might hear the octave higher, by striking it 
off center. This would be an interaction which would not be reflected 
in the mirror. 

So if I do anything which I do not reflect in the mirror, then I am 
not conserving parity. 

We are really restricted by time here. I am sure I can explain to you 
anything that [ understand. It will take a little time. 

In a purely experimental way, we say if we can reflect it in a mirror 
and it looks the same in a mirror, then we have parity. 

I can show with these models that if parity is conserved in this 
production—I can show this to you, it will take 10 minutes—if parity 
is conserved in the production, we will find that the plane of this spin 
will lie in the plane of the blackboard here. That is, if this line is in 
the blackboard and this line is in the blackboard, then this plane is in 
the blackboard. 

In other words, the spin will look like this. It will not look like this 
or like this. 

Now, experimentally this is the result if parity is conserved in the 
production of these particles. 

Now we are also interested in the parity in the decay of these 
particles. If we know in what direction these particles spin, we can 
look and see if particles are given off upward, or downward, with re- 
spect to the spin. Here I have my right hand and if my fingers go in 
the direction of the rotation, it may be that particles will go in this 
direction of my thumb and not in the opposite direction. We have 
looked at the decays of these lambdas and we find indeed this is the 
case; that if we have a spin in this direction the particles tend to go in 
the direction of my thumb and not in the other direction. 

But if I take my hand and look at it in the mirror, in the mirror it 
will be my left hand; I see that my left hand is different than my right. 
I cannot move these around. They do not look alike. 

So parity is not conserved, if this happens. The left hand is not 
the right hand. There is a real difference. This is one of the more 








i 
' 
$ 
' 
f 
: 
: 


sare renmeerNEneNmnnENaS 





560 PHYSICAL RESEARCH PROGRAM 


interesting discoveries of the last 6 months at Berkeley and at Brook- 
haven; that we found that the decay interaction, then, does not 
conserve parity. 

These are facts about the interactions, facts about these particles, 
and this is as far as we experimentalists are supposed to go. None 
of us is purely one thing or another, but there is a difference in this 
business, the people who do the work and the people who think. 
Being equipped with a strong back, I belong to the people who do 
the work. Maybe Mr. Gell-Mann will be more equipped to tell us 
what all this means. 

Chairman Duruam. With whom is that work associated, Doctor? 

Dr. Apatr. I would say it is most closely associated with Professor 
Lee and Professor Yang. 

Chairman Durnam. Of Nationalist China? 

Dr. Apa. Yes. 

Senator Hitckentoorrer. Does that conclude your presentation, 
Doctor Adair? 

Dr. Apatr. Yes, sir. 

Senator Hicken.oorer. Are there any questions? 

Chairman Durnam. How long will the cosmotron be out of com- 
mission at the present time? 

Dr. Aparr. About 14 months. The contracts have not been com- 
pletely let. I do not think we have a complete, accurate estimate at 
the moment. We hope to be back running about the middle of next 
January. 

aires Duruam. How are you carrying on this work at the 
present time? 

Dr. Apatr. Some of our people, as Professor Alvarez has said, have 
been given the opportunity to go to Berkeley. However, in our pro- 
grams we have more people who want to do work on these machines 
than there exist machines and there exists time. 

So, in fact, the amount of high-energy physics of this type that is 
being done is just cut in two. We have about 60 scientists who use 
this machine. 

Chairman Durnam. Are they all located there? 

Dr. Aparr. Most are located in the East. About half of our pro- 
gram is conducted by Brookhaven personnel and about half the pro- 
gram is conducted by universities, mainly universities in the East, 
for geographical reasons, although there are strong and intensive 
programs at the University of Michigan and the University of Wis- 
consin, forexample. There is no geographic prejudice. 

Chairman Durnam. How about your graduate students? 

Dr. Apatr. The graduate students are mainly brought in by the 
university programs. We have some graduate students at Brook- 
haven. We do not have as many as we would like. It may be that 
graduate students progress a little better in a university atmosphere. 

Berkeley is more fortunate in that they are closely connected, of 
course, with the university. 

Chairman Durnam. How about your funds. Are you adequately 
financed at the nresent time ? 

Dr. Apvatr. Well, sir, I would say that if our funds were cut in 
half we would do a quarter as much. If our funds were doubled, we 
would do four times as much. If it. becomes a question of values, 
we certainly can use more money. 
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Senator Hicxenwoorer. Are there any other questions? 

Senator Dworsuak. If you had more money to accelerate your 
program, would you need more personnel and is that skilled personnel 
available? 

Dr. Apatr. We could use a certain amount. I think perhaps, a 
little like Dr. Alvarez said, we could use 50 percent more money with- 
out any extensive increase in personnel. ; 

Right now we have enough money to hire electrical engineers, but 
we cannot find electrical engineers of the quality we need. 

Senator Dworsuak. If you had an extra billion dollars, you could 
not go out and fet your scientists? | 


| 
| 
| 
\ 
| 


Dr. Aparr. If we had an extra billion dollars, we would have no 
idea what to do with it. We might think of something in a little 
while. 

Chairman Durnam. Will you relate the technology in the country } 
at large as to some of the final results that could be ain 

Dr. Aparr. When you are really in the forefront of research, and t 
I think we people who are working in fundamental particles are per- 
haps really the first wave, it is then more difficult to relate anything, 
= do not really know what you are doing, and you do not really 

now what is going to happen. 

You can go back to historical examples and they are very encourag- 
ing. When Maxwell worked out the theory of electromagnetic waves 
I do not think he was thinking anything about communications and 
so forth. I think we are much in the same position. It becomes em- 
barrassing to some extent. It is hard to defend in any very direct way. 

Historically you have this terrific confidence. Fission, and the 
discovery of the neutron, these things meant nothing when they were 
ae It did not take very long before we were putting them to 
work. 

Chairman Duruam. It is similar to all basic research over the his- 
torical period from the beginning? 

Dr. Aparr. We have almost 3 billion people on the planet. I doubt 
if we would have had more than 800 million except for technology. I 
think we must consider basic research as part of technology. I sup- 
pose part of the effort devoted to technology should go to basic 
research. 

Senator Hicxentoorer. In other words, your primary concern at 
this moment is with the behavior of particles? 

Dr. Aparr. Yes, sir. 

Senator Hicken.oorer. And charting their actions and acquiring 
information as to how they behave? 

Dr. Apatr. Yes, sir. 

Senator Hickentoorer. Rather than the practical application of 
those results, at least at this time? 

Dr. Apair. Yes, sir. We are interested in understanding the uni- 
verse in the hope that when we do maybe we can use it. 

Senator HickenLoorer. We hope so, too. Thank you very much, 
Dr. Adair. Your full statement will be inserted in the record. 
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(The prepared statement of Dr. Adair is as follows:) 


PROPERTIES OF K-MESONS AND HyYPERONS 
Robert K. Adair, Brookhaven National Laboratory 


Our group is primarily interested in the study of elementary particles. In 
particular the so-called strange particles It is convenient to discuss these 
strange particles in the context of their relationship with the ordinary neutrons 
and protons found in the atomic nucleus. The proton has an electric charge. It 
also has a m-mesonic charge and a K-mesonic charge. The electric charge is 
responsible for the electrostatic forces between two protons while the K-mesonic 
and m-mesonic charges contribute to the nuclear forces. 

We can measure the electric charge of the proton by measuring the electro- 
static force between two protons at a distance. We can a@iso, in principle, measure 
the electric charge of the proton by shaking it. That is, subjecting it to some 
violent disturbance like it might meet in a nuclear collision. Electromagnetic 
radiation is then given off, which will have the same form as light of X-rays. 
The amount of radiation produced will be related to the magnitude of the electric 
charge. We can study the properties of this electromagnetic radiation by in- 
vestigating the light or X-rays which are given off. In the same way if we sub- 
ject the proton to a violent acceleration it will emit r-mesonic radiation, that is, 
m-mesons, and K-mesonic radiation, that is, K-mesons. There is a fundamental 
difference between these radiations and electromagnetic radiations. Unlike the 
electromagnetic radiations the m-meson and the K-meson have a mass. Accord- 
ing to Einstein’s Mass Energy Relation, we shall then have to supply sufficient 
energy to the collision to produce this mass, This will require an energy of 
about 140 million electron volts to produce a m-meson, and almost 700 million 
electron volts to produce a K-meson. Since the efficiency of energy transfer in 
nuclear collisions is always less than one, this restricts the study of K-mesons 
to accelerators of over 1 bev energy. 

It is particularly convenient to excite a proton to produce these K-mesons by 
bombarding a proton with m-mesons. Measurements have been made by our 
group at Brookhaven, by groups from Columbia University, and the University 
of Michigan, also using the Brookhaven cosmotron, and by Professor Alverez’ 
group at Berkeley, where protons in a liquid hydrogen or hydrocarbon bubble 
chamber were bombarded by 7-mesons. Figure 1 represents a drawing of a 
typical event as photographed in the bubble chamber. A negative -meson 
enters the chamber from the left, travels part way through the chamber then 
strikes a positive proton. The passage of the negatively charged m-meson 
excites or heats the liquid hydrogen, causing it to boil around the path. The 
track of the path is then marked by bubbles formed from the boiling liquid | 
hydrogen. When the 7-meson strikes the proton, two neutral particles are given 
off. These, having no charge, do not heat up the liquid and produce no track. 
The neutral particle in the upper part of the picture is a neutral K-meson. It 
travels a certain distance, a few inches in this case, and then decays into a posi- 
tive m-meson and a negative 7-meson which produce the V-shaped tracks. The 
other particle which is produced is a lambda particle. This also travels a few | 
inches and decays into a positively charged proton and a negatively charged 
r-meson. You see in the lower part of this picture the V produced in this decay. | 
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FIGURE 1. 


There are two particularly interesting characteristics of this event. First, 
note that the proton in emitting the K-meson is changed itself to another kind 
of particle, that is, the lambda particle. This is a specific characteristic of the 
so-called strange particles and the K-meson and the lambda belong in the classi- 
fication which we have named strange particles. They are always produced in 
pairs or at least in even numbers. A second interesting characteristic is the 
length of path which these strange particles travel before they decay. This 
length of path is of course proportional to the time in which they live, and on 
a nuclear time scale this is a very long time indeed. The time required to pro- 
duce these particles is approximately equal to the time it took the original 
7-meson to pass a distance equal to the size of the proton. The speed at which 
particles are produced is proportional to the strength of the force or interaction 
which produces them. The ratio of the strength of the forces involved in pro- 
ducing the strange particles to the forces involved in their decay is inversely 
proportional to the ratio of the distance these strange particles have traveled 
before decaying, which we see here is a few inches, compared to the distance in 
which they were produced, which is about the size of a proton. The ratio of 
these distances is about 10 trillion, so the forces required to produce these par- 
ticles is about 10 trillion times larger than the forces involved in their decay. 
We believe that the fact that strange particles are always produced in pairs is 
related to the fact that their decay interaction is very much weaker than their 
production interaction. However, we do not understand this in any detail. 

In order to make some progress in understanding these effects, we must 
learn the characteristics of these particles, and of their production and decay 
mechanisms. One of the intrinsic properties of an elementary particle is iis 
spin or specific rotation. This is a property like its mass or like its charge. 
The intrinsic rotation can neither be increased or decreased by any exterior 
force. We can determine the value of this intrinsic spin for the strange particles 
by examining the distribution of the decay products from strange particles pro- 
duced by z-mesons bombarding protons. In general, the collision of a m-meson 
with a proton will take place off center. This will produce, then, an intrinsic 
rotation in the system which is indicated in figure 2. When the system breaks 
up into the two strange particles, the direction of the spin of the strange particles 
will have a strong tendency to be the same as the direction of the rotation 
produced by the incoming 7-meson. If these particles have any intrinsic spin 
the decay products will tend to lie in the plane of the spinning particle in 
much the same manner as the particles produced by the breakup of a rotating 
wheel will fly off in the plane of the rotating wheel. We have found, however, 
that there is no such tendency. There is no excess of particles produced in the 
plane of the rotation. This shows us that the spins of the particles are very 
small. In particular the spin of the K-meson is zero and the spin of the lambda 
particle is one-half quantum-mechanical unit, the smallest that this kind of 
particle can have. 

23103—58———-37 
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Besides these intrinsic properties, such as the spin and the mass we also 
learn from this experiment something about the interactions which produced 
the particles and the interactions which cause their decay. In particular we 
want to know if these interactions conserve parity. When parity is conserved 
in a nuclear interaction, then the relationships between all the observable 
quantities will appear the same viewed in a mirror as they are when viewed 
directly. We ean use this simple test to discover whether parity is conserved 
or violated. The first drawing of figure 3 shows schematically the interaction 
we have been discussing. You will note that the particle is spinning in the 
same plane, which is defined by the incoming 7-mesons and the lambda particle 
which is produced. The second view of figure 3 shows the reaction and its 
mirror image. The third view shows the mirror image rotated into conjunction 
with the original reaction and shows that the relationships between the quantities 
is the same in the reflected view as in the original view. Therefore, if the 
reaction takes place in this manner, parity will be conserved. The fourth view 
shows the same reaction, only in this case the plane of rotation of the lambda 
is not parallel to the plane of production. In the fifth view, we view the mirror 
image and in the sixth view we see that we cannot transpose the mirror image 
so that it is the same as the original view. So if this plane of rotation is not 
parallel to the plane of production, parity will not be conserved in the production 
of lambda particles. 

Experimentally we have noticed that in the decay of the lambda, the 7-meson 
tends to come out in the direction indicated in the seventh view. Now in the 
eighth view we see the mirror image of the reaction and in the ninth view we 
see a transposition which clearly does not result in the same relationship 
between quantities in the reflected view as existed in the original view. This 
shows that parity is not conserved in the decay of the lambda zero particle. 
On the other hand, experimentally the z-mesons do come off preferentially at 
right angles with respect to the production plane. We know they must come 
off parallel to the spin axis. This shows us that the rotation is in the same 
plane as the production and therefore that parity is conserved in the production 
of the strange particles. 

The conclusions I have discussed, that is the measurements of the spins of 
the particles, the conservation of parity in the strong production interaction, 
and the violation of the conservation of parity in the weak decay interaction, 
are all quite definite conclusions. I would now like to discuss a conclusion which 
is only suggested by the data, a situation which is common in nuclear physics 
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and might be representative of our concerns. It is often convenient to discuss 
elementary particles in terms of their wave properties. Particles, among their 
other intrinsic properties, have intrinsic parities. If this wave function is the 
same upon reflection in a mirror, we say that the parity of the particle is even. 
If a wave function has a sign changed upon reflection then we say that the parity 
of the particle is odd. I am going to present a classical example which I hope 
will clarify what I have just said. The top left-hand view in figure 4 repre- 
sents a snapshot showing the position of a violin string playing the fundamental 
note. The view just below shows the same violin string playing the first har- 
monie of the fundamental, a note one octave higher. While the view below 
that shows this same violin string playing the second harmonic, a note two 
octaves higher. The views on the right-hand side of the figure illustrate the 
intensity. Now if we place a mirror in the center of the violin string we see 
intensity for each of these three modes of vibration of the violin string is the 
same when reflected in the mirror. On the other hand the amplitude of the 
fundamental is the same when reflected in the mirror. The amplitude of the 
first harmonie is inverted or changes sign when reflected in the mirror, while 
the amplitude of the second harmonic again is the same when reflected in the 
mirror. We would say then in the language of quantum-mechanics that the 
fundamental note has an even parity, the first harmonic has odd parity, and 
the second harmonic has even parity. Going back to quantum-mechanics the 
parity of a system containing two particles is equal to the product of the parity 
of the particles times the parity of the wave which represents the relative 
rotation of the two particles. 
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You will notice in the case of the violin string the mode of vibration which 
had the highest frequency had the largest number of waves in its length. Quan- 
tum-mechanically a high frequency is associated with a high velocity, and a wave 
which represents a lot of rotation will have a larger number of wavelengths 
around the circle of rotation. In figure 4 we show the distribution of particles 
scattered from one another when the relative rotation or angular momentum 
is zero, 1, or 2. You will notice these have a very close relationship to the in- 
tensities we saw in the violin string in the first harmonic, the second harmonic, 
and the fundamental. An analysis of the situation will show us that, even as 
in the case of the violin string, the wave with zero units of angular momentum 
has even parity, the wave with 1 unit of angular momentum has odd parity, 
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and the wave with 2 units of angular momentum again has even parity. Now 
we are prepared to look into the specific case of the parity of the particles in the 
nuclear reaction, where a z-meson bombards a proton and produces a lambda 
zero particle and a K particle. We know from other experiments that the 
m-meson has odd parity and the proton has even parity. The lambda parity 
can be taken as even. We are then interested in determining the parity of the 
K-meson. If we look at the angular distribution of the K mesons which are 
produced, we find that it looks rather like the distribution for zero units of 
angular momentum. And we come to the conclusion that a large proportion of 
the lambda particles and K mesons are produced with zero relative rotation. 
The total rotation of this system then must be just one-half, which is the in- 
trinsic rotation of the lambda. 

We have measured in our laboratory the angular distribution of the * mesons 
which are scattered from the protons. We find from an analysis of this scatter- 
ing that there appears to be very little interaction of mesons with protons 
which have zero angular momentum; not enough to account for the production 
of the strange particle. This leads us to believe that mesons which have a 
relative angular momentum of one with respect to the proton are absorbed to 
produce the lambda-type particles and the K meson. Since the intrinsic spin 
of one-half of the proton can be directed opposite to the orbital angular mo- 
mentum we can then produce a state which has a total angular momentum of 
one-half, but orbital angular momentum of one. Now, if we multiply the parities 
of the m-meson proton system we have a minus one from the orbital angular 
momentum, a minus one from the intrinsic parity of the m-meson and a plus one 
for the proton. So the total parity of the system which produces the lambda 
K’s will then be plus one, since we must multiply them together. Now we have 
said that the orbital angular momentum or rotation of the lambda K-meson 
system is zero, this has a parity of plus one. Now if parity is to be conserved, 
and we have showed from the experiments we have described that it indeed is 
conserved, this means that the lambda-K system must have an intrinsic parity 
of plus one, and the K-meson parity must be even. This conclusion that K meson 
has a parity of plus one is important in theories of these fundamental particles. 
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Senator Hickentoorer. We will next hear from Professor Hof- 
stadter, of Stanford University. Professor Hofstadter did his grad- 
uate work at Princeton University and during the war worked on 
proximity fuses at the Bureau of Standards and assisted in the de- 
velopment of bombing devices for the Norden Co. Since 1950 he 
has been working on high-energy electron scattering experiments at 
stanford and I understand he will talk to us about some of this work. 

rofessor Hofstadter. 
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STATEMENT OF DR. ROBERT HOFSTADTER,? STANFORD 
. UNIVERSITY 


Dr. Horstaprrer. Yes, sir. I have a statement which I should like 
to put in the record, but I will try to make it clear in the discussion. 

Senator HickenLoorer. It may go in the record. 

(The statement referred to follows:) 


. 


INTERACTIONS OF ELECTRONS WITH NUCLEUS AND NUCLEI 
Robert Hofstadter, Stanford University 


The history of man’s thinking shows us that as long as 2,000 years ago he 
was interested in understanding the fundamental composition of matter. The 
ancient Greek philosophers thought that matter was made of indivisible atoms. 
We now know that matter is, indeed, made of atoms, which, however, are not 
indivisible but, on the contrary, do have parts. The atom, as is well known, has 
an outer cloud of electrcns, and within this electronic envelope, at the very cen- 
ter, stands an unbelievable dense core, which we call the nucleus. Ninety-nine 
point nine percent of the mass of the atom is contained in the nuclear core. The 
size of the nucleus is extremely small compared with the outer electronic cloud. 
If the atom is magnified so that it is as large as Washington, D. C., the nucleus 
would have the size of a baseball. The size and shape of this nuclear core have 
been the objects of experiments of the electron-scattering group at Stanford 
University over the past 7 years. 

It is also well known that the nuclei themselves are built up of smaller bodies, 
the neutrons and the protons. In fact, the simplest of all atoms. the hydrogen 
atom, has a nuclear core consisting of only one proton. The olvious question 
may be asked: Is the proton also divisible into smaller bodies, and is the neutron 
also divisible? We have tried to answer these fundamental questions in the last 
few years by making electron-scattering experiments on the proton and neutron. 
As a result of the electron-scattering experiments on nuclei and nucleons (the 
latter are protons or neutrons), we have established the size and density dis- 
tribution of electric charge in a number of nuclei ranging from helium to 
uranium. We have also penetrated into the smaller structures of the neutron 
and proton, and have found the sizes of these particles. We have discovered the 
way in which the electrical charges and magnetic moments of these particles 
are distributed in space 

Before describing the detailed findings of the past few years, it is appropriate 
to sketch briefly the basic experimental method. In essence, this method is 
similar to one employed about 40 years ago by Lorth Rutherford and his as- 
sociates in establishing that the atom has its presently known structure. 





1Born in New York on February 5, 1915: graduated in 1935 from the College of the 
City of New York with the bachelor of science degree, magna cum laude. In 1942 he 
married; 3 children. 

On graduation from college, he received the Kenyon prize in mathematics and physics 
and, a little later, the Coffin fellowship, awarded by the General Electric Co. ‘This fellow- 
ship enables a receipient to attend a graduate school of his choice. He chose Princeton 
University, where he studied physies from 1935 to 1938 and received both the master of 
arts and doctor of philosophy degrees in 1938. At Princeton University he received 
assistantships and fellowships and in 1938-39 was awarded the Procter fellowship for post 
doctor-of-philosophy work. In 1939-40, he received the Harrison fellowship at the Uni 
versity of Pennsylvania 

During the early war years, worked on proximity fuses at the National Bureau of 
Standards and spent the remainder of the war at the Norden Laboratory Corp., where 
he helped develop bomb directors, servo systems, automatic pilots for aircraft, and radio 
altimeter devices. In 1946, he became assistant professor of physics at Princeton Uni- 
versity. At Princeton he carried out research on the Compton effect. crystal conduction 
counters, scintillation counters, and the detection and measurement of energies of gamma 
rays. In 1950 he left Princeton to become associate professor of physics at Stanford 
University, where he undertook a program on the elastie scattering of energetic electrons. 
At the same time, he continued working on scintillation counters and developed new 
counters for neutrons and X-rays. High-speed inorganic (CsF) scintillation and useful 
Cerenkov (T1 C1) counters were also discovered at Stanford. Other research at Stanford 
has been carried out on cosmic rays and cascade showers generated by high-speed electrons 
Recent research has centered on the scattering of fast electrons and the determination of 
the charge distribution within atomic nuclei. In 1954 he was appointed professor of 
physics at Stanford University. 

In 1951-53, he was an associate editor of the Physical Review and in 1954-56 was an 
associate editor of the Review of Scientific Instruments. He is a fellow of the American 
Physical Society and the Physical Society of London. He is also a member of the Itallau 
Physical Society and a fellow of the American Association for the Advancement of Science. 
For many years he has been a member of Phi Beta Kappa and Sigma Xi. 











CC 





PHYSICAL RESEARCH PROGRAM 569 


The method consists of firing probe particles at the structure we wish to examine. 
If the structure is very soft, the probe particles, especially if they are high- 
speed particles, will go through the structure and be deflected by only a small 
amount. If the structure is dense and concentrated, the probing particles will 
collide with these hard centers and be sent back along the direction in which 
they come. In the latter case, the action is similar to the recoil of a ball hit- 
ting a hard wall. By making a precise study of the number of probe particles 
deflected at all angles between the initial direction and the back direction (180°), 
one can determine the kind of structure that the probe particles pass through. 
In Rutherford’s case, alpha particles, the nuclei of helium atoms, were used 
as probes. In our case, we use high-speed electrons. The electrons have the 
great advantage that their interaction with charges and magnetic moments 
is very well understood, and so the powerful methods of theoretical physics can 
be used to interpret the experimental observations. 

To direct the electrons against the nucleons or nuclei, we employ the 220- 
foot-long Stanford linear accelerator. This is basically a waveguide, which 
carries the electrons on a wave proceeding down the accelerator tube. All the 
while electrons are going down the tube, an electric field acts on them and ac- 
celerates them. When they emerge, at characteristic energies of 200-600 million 
electron volts, they are deflected by the magnets, as shown in figure 1, and 
made uniform in energy by the slit placed between the magnets. The electrons 
are then directed against the target, shown as a black line just beyond the 
secondary electron monitor. After striking the target, which may be made of 
gold nuclei or hydrogen nuclei, or whatever one chooses to study, the electrons 
are scattered in all directions. Some of the scattered electrons enter the port 
to the magnetic spectrometer, and these are the ones we study. The magnetic 
spectrometer may be moved to any angular position about the beam line. This 
s achieved by mounting the spectrometer on a former naval gun mount modi- 
fied for our present use. 
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FIGure 2. 


Figure 2 shows the magnetic spectrometer as it is mounted on our gun base. 
The large platform above the target area carried the detector element, which 
is a so-called Cerenkov counter. The massive 15-ton shield on the detector 
platform is required to keep undesired background events from registering in 
the detector. The whole assembly of spectrometer and shield can be rotated 
around the target center by remote control with a precision of better than 
one-tenth of a degree. 

It is necessary to use a magnetic spectrometer to detect the electrons rather 
than just a counter telescope looking at the target. The reason for this is 
that electrons bouncing off the target can do many things when they strike 
the target nuclei. In addition to merely passing through the nucleus and 
being deflected by its charge or magnetic moment, they may excite the nucleus 
to a vibrational or rotational state, or they may even break up the nucleus. 
Just which of these processes occurs can be inferred by examining the energy 
of the electron after it has gone through the magnetic spectrometer and has been 
registered on the detector. This is the reason why a magnetic spectrometer is 
used in these experiments. The monitor indicated in figure 1 tells how many 
incident electrons pass through the target. 

With these instruments it has proved possible to examine in great detail just 
how the charge density varies in the different nuclei as a function of radius. 


We shall now try to describe these results, beginning first with the heavier 
nuclei. 
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FIGURE 4. 


Figures 3 and 4 show various possible models of nuclear structure. The 197 
nucleons within, e. g., a gold nucleus may be spread throughout the nuclear 
volume according to a uniform model, shown at A, or they may be highly concen- 
trated in a point, like fF’, or they may be distributed as in a shell at G, etc., ete. 
In all these cases the corresponding graphs give the nuclear charge density 
as a function of radius. It is our intention to find which of these models is the 
true one and the appropriate dimensions of the correct model. Many experi- 
ments carried out over the last few years have shown that the models £ of figure 
3 and H of figure 4 approximate the true nature of a nucleus. In these models 
there is a gradual tapering off of charge at the edge of a nucleus. We eall 
this region the “skin” of a nucleus. The correct model is also characterized by 
a distance between the center of a nucleus and the radius at which the density 
falls to 50 percent of its value at the center. We call this distance the ec dis- 
tance, and this is something like an average radius for the nucleus in question. 

The way in which these results can be found is indicated by the graph of 
figure 5. This graph shows 2 curves which represent the way in which the 








" : 








PHYSICAL RESEARCH PROGRAM 573 


scattered intensity of electrons falls off as a function of scattering angle for 2 
different nuclear models. The top curve shows how a point, that is, a great con- 
centration of charge, would scatter electrons. Because it is so concentrated, 
the intensity at large angles is still high. In the case of a spreadout nucleus, 
such as a model of gold, shown in figure 3E, the angular pattern of the scattered 
intensity resembles the lower curve of figure 5. The dips at A, B, C, repre- 
sent diffraction features which give further precise information about size and 
about the nuclear skin thickness. The figure shows that the spreadout struc- 
ture gives 10,000 times smaller intensities at large angles than the point struc- 
ture. Other smaller models give correspondingly different intensities lying 
below the upper point charge curve. By comparing the experimental findings 


with such calculated curves, we can tell which model applies to any given 
nucleus. 
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FIGURE 6. 


In the case of gold the example in figure 6 shows the experimental points 
(black dots) giving the amount of scattering at various energies and as a func- 
tion of scattering angle. The solid lines represent theoretical calculations for 
the model of figure 8E, which can be seen to fit the data extremely well. 

By these methods we have found, rather remarkably, two simple rules for 
describing practically all the medium and heavier nuclei we have examined. 
The first rule is that the skin thickness (call it “t’’?) is a constant for all these 
nuclei. This constant has the value t = 2.4 x 10" cm. The second rule states 
that the c-distance varies as the one-third root of the mass number of the nucleus. 
This rule may be stated in the form 


>= 107 A” x 10“ cm, 
where A is the mass number and gives the total number of protons and neutrons 


in the nucleus. For gold, e. g..A = 197. With these two rules we may desceibe 
many nuclei with a high degree of precision. 
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We now wish to describe our investigations of the fundamental constituents 
of the nuclei, the protons and neutrons. In the last 3 years we have concen- 
trated on these basic and more primitive structures and have given less attention 
to the heavier nuclei. The method used to examine protons and neutrons is 
fundamentally the same as the method described above for the heavier nuclei. 
Corresponding to figure 5, we show in figure 7 a curve taken for the proton at 
a high energy. A point preton would give the upper scattering curve. The 
experimental points, shown as black dots, are far below the curve for a point 
proton. Thus, once again, the proton itself is a spreadout structure. The solid 
line going through the experimental points is a theoretical curve corresponding 
to an exponential model of a proton. Such an exponential model is shown in 
figure 3B. This is evidence, therefore, of a higher concentration of charge in 
the center of the proton than in all other nuclei. However, the density at the 
center does not appear to have those extremely high positive values which 
physicists call singularities. On the contrary, the density appears to be finite. 
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However, we should add that our scattering method has the smallest sensi- 
tivity at the center of the proton and has better accuracy farther away from 
the center. It is possible that future higher energy studies will reveal more de- 
tail in this:region. At present it appears safe to say that, if there are regions 
of extremely high densities in the center of the proton, they must appear in oppo- 
sitely charged pairs so as to cancel each other, leaving a finite result. 

Associated with the charge in the proton, theer are electrical currents which 
produce magnetic effects. The magnetization inside the proton is also accessible 
to our method of investigation. We have found that the magnetic moment density 
is spread out in the same way as the charge density in the proton. This is a 
result which has proved a surprise to many theorists. 

We have also studied the other basic building block of nuclei, the neutron. In 
this case we study the heavy isotope of hydrogen, called the deuteron. The deu- 
teron contains 1 proton and 1 neutron. By comparing the scattering from the 
deuteron with the scattering from hydrogen (the proton), we can find the resid- 
ual scattering coming from the neutron. Then we can apply our usual analysis to 
determine the density distribution. We have found that the neutron’s magnetic 
moment is spread out in virtually the same way as the proton’s magnetic mo- 
ment. However, the neutron’s harge distribution is not spread out. The neutron 
has no total charge, so its positive and negative parts must cancel out throughout 
space. The fact that the neutron’s charge cloud is not spread out was also dis- 
covered earlier by Fermi, Rabi, Hughes, and their collaborators. Thus there is a 
puzzle in the neutron-proton case, i. e., why is the proton’s charge spread out 
while the neutron’s charge is not spread out? In almost all other respects the 
neutron and proton have been though to be symmetrical particles, i. e., that 
which occurs in one particle also occurs in the other except for a change of sign 
of the electrical and magnetic effects. 

This puzzle, as well as a true understanding of each particle, may be resolved 
by going to still higher energies. At these energies the central parts of the pro- 
ton and neutron will be exposed to view, and we may examine them to see if 
the detailed differences are really as we now suppose. A new large magnetic 
spectrometer of six times the weight of the present one will be used to help 
answer the questions presently posed by our experiments. This spectrometer 
will weigh 155 tons and will be ready in about 1 year. Thé future thus appears 
promising from the viewpoint of determining the structure of the nucleons. 

Associated with the author in this work are the following investigators: 
F. Bumiller, E. E. Chambers, H. R. Fechter, B. Hahn, R. W. McAllister, J. A. 
McIntyre, D. G. Ravenhall, M. R. Yearian, and D. R. Yennie. 

This work was supported by the Atomic Energy Commission, the Office of 
Naval Research, and the Office of Scientific Research of the Air Force. 
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Dr. Horstaprer. A group of graduate students and I and some re- 
search associates at Stanford over the past 7 years or so have been 
interested in what might be called a very fun lamental kind of phil- 
osophical question. The question is one that has bothered people 
I would say from the beginning of historically recorded times. In 
fact, the Greeks talked about the problem. It is the old question: of 
what is matter made? A partial a swer to this question was given, as 
you all know, by Lord Rutherford and by Bohr in about 1914 when 
they proposed the model of the atom as we now know it. 

The atom consists of a ate of electrons surrounding a very dense, 
in fact an unbelievably dense, object called the nucleus. The nucleus, 
as you know, is also the business of the Atomic Energy Commission. 








PHYSICAL RESEARCH PROGRAM 577 


In fact in Exhibit 1 we have a model which is the symbol of the 
Atomic Energy Commission. The outer parts are supposed to repre- 
sent the atomic cloud. 





At the center is this unbelievably dense object in which 99.9 per- 
cent of the universe is located, i. e., the mass of the universe. It is 
this object which we have been interested in studying over the past 
7 years. 

Now, if you take that central object and expand it a bit, then you 
get something that looks like the right-hand model of fig. 1; of course 
it is magnified a great deal. 

The kind of scale I am talking about is the following: if the atom 
had the size of Washington, D. C., then the nucleus would have the 
size of about a baseball at the center of it. That is the nucleus that 
we are all talking about. 

The nucleus itself, that baseball, when you expand it, is made of 
other particles called neutrons and protons, with which you are all 
familiar. These neutrons and snelai are clustered tog ther in some 
way whose nature is not completely known 

It is our aim to try to discover just how these particles are arranged 
inside the nucleus. 

In the course of making these studies we found that our apparatus 
was sensitive enough to pluck out one of these particles, a neutron 
or proton, and to look at it. 

So we have raised the same old question that has been in the mind 
of man for thousands of years: How far can this process go? In 
other words, first you find the outer structure—electroncloud—then 
you find the nuclear structure, then you find the structure inside one 
of these elementary particles. 

The next question is: When you take the elementary particle apart, 
what is inside it? 

It is just like the old problem of having a painting, and having 
another painting in it, with a painting in “that, and so on, and you 
go back and back and probably that is the way nature is. Probably 
things are really that way. We do not know but we are trying to 
look into this question. 
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Senator Hicken.oorer. You might say that it is something like the 
theory that great fleas have lesser fleas. 

Dr. Horstaprer. That is exactly the point. 

I would like to tell you first about the bigger structures, the bigger 
fleas in other words. Our idea of what the bigger fleas look like may 
be something like the models shown in figure 8, page 572. If we 
now concentrate on the nucleus, that dense center I spoke about, of 
course, you may say, maybe it does not have any structure at all. 
Maybe it is a point. If it were a point it would look like the dot 
at F in figure 3, and that is represented on a graph by what we call 
in physics a delta function, something that goes up very fast at the 
origin. 

n the other hand, it may be something like a billiard ball where 
the density or amount of matter per cubic centimeter is a constant 
until you come to the edge and then it suddenly drops off to zero 
just as you feel the hard exterior of a billiard ball. Or it may havea 
soft exterior as indicated by model E in figure 3. In this model, 
there is a dense center perhaps as in a peach—a dense center where 
the seed is located and then perhaps a gradually tapering-off density 
as you go out to the edges. These are all possible models. In fact, 
there is one, too (model B of fig. 3), where there is a very dense 
center. 

It is this kind of question that we would like to answer. 

Now on this chart (fig. 4, p. 572), I have also shown you other 
possible models which are very similar in basic concept. It is pos- 
sible that the nucleus is a shell (model G) or it is possible that it 
has a dip in the middle (model D). Various things like that are 
possible. 
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Weare trying to figure out which is correct. 

Now the method is based on a very old idea; in fact, this is the 
method that Lord Rutherford used. The idea is similar to this 
(exhibit 2): If ~~ have a black box and you want to know what 
is inside the black box and you cannot get at it readily, you must 
shoot at it with something, let us say with baseballs, to find out what 
is inside of it. If you shoot baseballs at it and you find out that all 
the baseballs go straight through without deviation, you would say 
there is nothing in the box. 

On the other hand, if you had a very dense center in the box a lot 
of the baseballs would recoil backward and you would see them com- 
ing back at you. 

‘Tt is this general idea that you use. Now, the idea is also based on 
an optical analog. That is to say, if you send light through a little 
hole in an opaque sheet as in exhibit 3 then you get what is called a 
diffraction pattern on the other side. You may not have observed 
this phenomenon because with ordinary geometrical objects you do 
not observe it. But if you make a very small hole and look in dim 
light you see exactly this phenomenon. The diffraction pattern is 
indicated in the figure with a peak of light in the middle and in the 
black regions a dip and so on. These peaks, maxima and minima, are 
called diffraction peaks. If you know the way these diffraction peaks 
look, and you can dete *rmine this by measuring them, you can recon- 
struct the boundary of that little hole. People who work in theo- 
retical physics have been able to do that for a long time. This is a 
well-established method. 

Now we use an analog of that procedure. We look at a pattern 
of diffraction maxima and minima and try to figure out what that 
hole was like. That is our method. Now in the case of nuclei we 
do not do this with light. We do this with electrons. 

The electrons are obtained from the Stanford linear accelerator 
which is a machine that gives at present 700 million electron volts 
and delivers strong beams of electrons. 

You shoot these electrons at the object, at the nucleus, as if you 
were shooting baseballs at the black box and the Sy bounce off in the 
various directions. You pick up those electrons that have bounced and 
you find out how many went forw: id, how many went backward 
and how many went in all the other directions. By working out that 
pattern, by measuring that pattern, you can figure out what the 
nucleus actually looked like. 

Now to show how that works I describe here what is called an an- 
gular distribution (fig. 5, p. 573). On the ordinate you have the 
logarithm, or, if you like, the intensity of the number of scattered 
electrons as a function of the angle as yousweep around. This is the 
forward direction, 30°; this is the backward direction, 150°. 

Now, if the nucleus were a point or a very dense small object, 9g 
you would get the upper curve, and if you have a diffuse object, i 
if the nucleus is a diffuse object, then you get something that Lakes 
like the lower curve with the diffraction features that I mentioned 
before. 

By measuring the angular positions of these dips and the amount of 
structure in the dips you can go back and tell exactly what that 
nucleus looked like. That is the general method. And you see that 
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the intensity, since the scale is logarithmic, is down at this point by a 
factor of 10,000, below that expected from a point charge. These 
are enormous effects that one is looking at. 

Since the intensity is reduced a factor of 10,000 these are very hard 
experiments to carry out and they take a long time to do. 

Now the question is, What have we been able to find? The experi- 
mental apparatus is sketched in figure 1 (p. 570). There is a linear 
accelerator, not shown in the diagra am, which extends to the left some 

220 feet. ‘The machine produces a beam of electrons in the region 
of the figure. The beam of electrons from the machine is deflected 
and cleared of gamma rays. There is also a slit here to pick out a 
narrow energy interval. And then the beam of electrons is allowed 
to fall on a target, let us say gold, hydrogen, or anything you want 
| to use. The electrons scatter off the target. Some of them go into 
the magnetic spectrometer. The spectrometer tells you how many go 
into a particular direction. 
This spectrometer can move around to any angle you please and 
tell you how many electrons came off at that particular ee 

Chairman Duriam. How do you take the gamma rays out? 

Dr. Horsraprer. The gamma rays are taken out in this way: The 
gamma rays are mostly made at the slit and they tend to go straight 
ahead. A gamma ray cannot be deflected by the magnetic field. But 
the electrons can. So the electrons are cleared of gamma rays. 

Now I have a photograph here of the business end of the apparatus 
where the experiments are carried out (fig. 2, p. 571). A tube is 
shown that carries the beam of electrons to a target. There is a 
target ladder in the middle showing the various targets. 

The electrons scatter off and go in all different directions and some 
pass into the magnetic spectrometer. The magnetic field, as you 
have heard many times before, bends them around in a circle. They 

go around in the spectrometer and they disappear in this shield where 
there is a so-called Cerenkov counter. ‘That counter tells you when a 
particle has arrived. 

This spectrometer weighs 30 tons, the shield about another 15 tons, 
and both are placed on this abandaned gun mount. This gun mount 
used to fire two 5-inch antiaircraft guns. The Navy kindly gave 
it to us to use for these experiments. 

The gun mount now supports approximately 50 tons. It has ac- | 
curate precision apparatus in it which enabled it to fire shells, so | 

| 


| 
| 
| 
| 


that it can be positioned to any angle to better than a tenth of a degree. 

Chis apparatus is used to make the measurements that I am going 
to describe. With this apparatus we get data that look like the 
curves in figure 6, page 574. This is what you get for the gold 
nucleus. You do these experiments at several different energies. 
The points here represent experimental measurements, in other 
words, data taken with the apparatus. The abscissa is the scattering 
angle and the ordinate is intensity. Now you get various experi- 
mental points that form into definite patterns. Furthermore you 
have a theory which tells you what the nucleus must look like in order 
to give these patterns and the solid lines in the drawing were actually 
calculated by a theory, after fussing around and trying to find the 
right kind of model that would fit all the data together. 
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Representative Hosmer. If you took your angles on the verticals 
rather than the horizontal you would expect to find the same pattern ? 

Dr. Horsraprer. Yes, it would be the same kind of thing. 

Now the theoreticians have taken the experimental data and they 
have found that the nuclear model looks like the drawing in exhibit 
4 for gold. Here is gold 197. That means it has 197 protons and 
neutrons in it. The ordinate is the density function plotted against 
distance from the center. Each unit here is one-tenth of a millionth 
ef a millionth of a centimeter. This is 10 to the minus 13th centi- 
meters. 
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Here are 3 curves that fit our experiments. We cannot tell those 
3 curves apart but you see they are essentially the same kind of thing. 
They show that in the gold nucleus the density has a constant value 
until you get out to the edge and then it falls off with the indicated 
taper. 

We have investigated a large number of nuclei and have found out 
that what happens when you go to lighter nuclei (gold is a rather 
heavy nucleus). When you go to lighter nuclei, this skin, so to speak, 
or the thickness of the taper, remains the same and you just push the 
skin in toward the center. This is one of the basic observations that 
we have made. 

Now I want to take just a few minutes to tell you about what hap- 
pens when you pluck one of those neutrons or protons out of the 
nucleus and examine it. 

We have done that with hydrogen, and hydrogen is essentially just 
a proton surrounded by an electron. In the case of the proton (fig. 
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7, p. 575) we have curves similar to the ones I showed you before in 
which you have scattering angle as abscissa and intensity as ordinate. 
If the proton were a point, a concentrated charge, then you would 
et a curve that looks like the one labeled “point.” On the other 
hand, our experimental observations show that we obtain the lower 
points in the drawing. The observations are very far from a point. 
In fact, since the scale is logarithmic, the reduction is about a factor 
of 10. So you have 10 times less scattering in a backward direction 
than you have from the point. That always indicates that you are 
looking at some finite structure, some diffuse structure. 

We have attempted to find models that would fit this kind of ex- 
perimental curve. One of the models that has been successful—there 
is a little variety to the models that you can choose, but they all 
have the same basic features—is of the kind that I showed in one of 
the earlier pictures. It looks something like models B or C of figures 
3 or 4, respectively. So the proton itself is a structure that looks 
something like one of those models. 

Now, the proton is a more complicated thing than just a charge. 
In fact it has one of those gyros inside it as described by Dr. Adair. 
It has a spin. 

The question is: How is this spinning structure spread out also? 
Our experiments tell about the charge and also about the magnetic 
moment. The magnetic moment refers to these spinning currents 
inside the proton. 

It turns out that the data show that the magnetism, or the cur- 
rents, are spread out in just the same way, as well as we can tell at 
the moment, as the charge. 

Now the question comes up: What happens in the case of the neu- 
tron? In experiments that we have carried out in the last 2 or 3 
years we have, with some difficulty, obtained data on the neutron. 
It is hard to do experiments on the neutron because you cannot get 
free neutrons. You have to take them the way they come, that is in 
deuterium. So you investigate deuterium. By comparing deuterium 
with hydrogen ; that is, by the difference, you can tell what the neutron 
is doing because deuterium consists of 1 neutron and 1 proton. We 
know—in fact, in the last few months—that the neutron’s distribu- 
tion of magnetic structure, its magnetism or its current or spin, what- 
ever you want to call it, appears to be the same as it is in the proton. 
On the other hand, we know from earlier experiments carried out 
by Fermi, Rabi Hughes, and other people that the charge of the neu- 
tron is not spread out at all. So this experiment has created for the 
theoreticians somewhat of a mystery. It is one we would like to con- 
tribute to and try to help answer ourselves, but it is a very difficult 
problem at the moment. 

The structure that we have found in the proton may be thought of 
as something like this: The charge density in exhibit 5 in the proton 
is plotted against distance from the center of the proton. And if 
you remember the picture that I showed of gold, you will realize that 
on that scale gold would stretch out to about the end of this rail 
(about 10 times farther out than the proton curve), so that here we 
are looking at a very much smaller structure. Also if you plotted 
the density of gold on this scale it would be down about here (about 
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10 times smaller than in the proton). The gold distribution would | 
stretch out to the end of the rail and drop down to zero there while, | 
in the proton, you have this very intense core which climbs up sharply 
and gives you a very high central charge density. 
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Representative Hosmer. Charge density in terms of what? 

Dr. Horsraprer. Electric charge per cubic centimeter, say. 

Representative Hosmer. Thank you. 

Dr. Horsraprer. Now, I have talked here about the experiments 
that my own group has been doing over the past few years. There 
are many other experiments which it is possible to do with electron 
accelerators, such as some of the very fine experiments that Professor 
Panofsky has been doing at Stanford Univers sity in which mesons 
are formed in the process of scattering. There is a large variety of 
experiments that one can do of that type as well as continued experi- 
ments of this type. 

Thank you. 

Senator Hicken oorer. Are there any questions ? 

Chairman Duruam. Do you have equipment at the university to 
carry out all your experiments at the present time or do you have to 
use some other equipment from other places ? 

Dr. Horstraprer. No; we have the basic equipment ourselves. We 
have to buy some of the big pieces of equipment, of course. In par- 
ticular, these big spectrometers are things we have to buy. We design 
them and then let them out for bid and purchase them. 

Chairman Durnam. We always ask this question of universities as 
well as of our own laboratories. Are you well financed in your work 
there ? 

Dr. Horsraprer. We have been pretty well financed in the past, I 
would say. Our laboratory, including the work of Professor Panof- 
sky and myself, runs at a budget of about $9! 50,000 a year. This has 
come up over the last few years from something that was perhaps 
$400,000, 5 years ago. So we have been keeping up with the times, 
but I would’ say that we are always just a little short. I do not think 
it would help us a great t deal to add 100 percent to what we normally 
use but some small addition would always be welcome. 

Chairman Durnam. How many graduate students do you turn out 
with a doctor’s degree ? 

Dr. Horsraprer. Do you mean just my own group? 

Chairman Durnam. Your own group. 

Dr. Horsraprer. About 7; about 1 a year. 

Senator Hickentoorenr. Any other questions? 

Representative Horirrenp. We have heard quite a bit about the 
development of spectrometers in the Soviet Union. The statement 
has been made that they are far ahead of us in this field. Could you 
contribute any information on that ? 

Dr. Horsraprer. I was fortunate enough to be able to invite four 
of the Russians, that Dr. Alvarez spoke about, to the United States a 
few months ago. I had a good opportunity to talk with them about 
a great many problems. 

I questioned them in particular about whether they were doing work 
of this same sort, using spectrometers of this kind. I must say that 
they did not appear to want to give a direct answer to this question. 
They indicated that in Kharkov, in Russia, they were building an 
accelerator of our type, and I presume that also means a spectrometer, 
but they did not care to say just how large it was and what energy it 
could go to and so on. 
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We have the information that they are building a spectrometer but 
we do not know much of the details. I have a suspicion that what 
will happen is that one fine year from now they will announce that 
they have the biggest machine of this kind in the world and the biggest 
spectrometer and all that sort of thing, but I really do not know. That 
is just a guess. 

Representative Hoxirrevp. Do you have any information as to the 
numbers of ordinary type spectrometers which they utilize in their 
scientific work as compared to ours ? 

Dr. Horstaprer. It you are talking about magnetic spectrometers, 
I think Dr. Alvarez would be a better man to answer the question 
than I, since he was there. I suspect they are using many magnetic 
spectrometers of the kind used at Berkeley. They do not appear to 
be using exactly the same type of spectrometers that we are using 
here. In fact, I know of no one who is using our type of spectrometer 
although the French are now beginning to build such things. 

Representative Hoxirretp. You say they were using many. I am 
trying to get the magnitude of their ‘otk in comparison to ours in 
the spectrometer field. 

Dr. Horsraprer. You see, this is a very narrow field. If you talk 
about spectrometers like this, I suspect they have either one or none. 

Representative Hortrreitp. How about the magnetic type? 

Dr. Horstaprer. There are magnetic spectrometers of a slightly 
different kind that are nonfocusing or just deflecting types of spec- 
trometers. I suspect they have many of those. 

Representative Horirrevp. In comparison to ours? 

Dr. Horstaprer. About the same. 

Chairman Durnam. Any other university doing this type of work? 

Dr. Horstaprer. No. At the present time we are in the fortunate, 
and I should say also the unfortunate, position of being the only 
ones in the world capable of doing these experiments because we have 
a linear accelerator which provides this very large current. This 
accelerator was the idea of Bill Hansen, who used to be a professor at 
Stanford and he was a very forward-looking man. We know that 
there are several other accelerators now being constructed of this type. 
But so far none has reported any work. I said “unfortunate.” 
Perhaps I might say the reason I think it is unfortunate is this: An 
experimenter always likes to have his results confirmed. 

Here we are getting farther and farther out on a limb doing these 
experiments with no one else able to make a confirmation. So we 
would be very happy indeed if there could be another accelerator in 
this country and if similar results could be obtained at other 
institutions. 

Senator Hickentoorer. Would you, for the benefit of the com- 
mittee and the record, explain the difference in utility of a linear 
accelerator and the cyclotron ? 

Dr. Horstapter. The linear accelerator is a device that can be used 
to accelerate electroris or protons. But there is a kind of basic dif- 
ference between them due to the fact that if you accelerate an elec- 
tron only a little bit it gets up to the speed of light. Then from 
there on things are pretty simple. 

In the case of a proton accelerator you must build up the energy 
while the speed is changing over a long interval, over a long distance. 
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So although there are linear accelerators of both types, they are, 
in a way, rather different. 

Now, I do not have any experience, myself, with the proton linear 
accelerator—that is the invention of Dr. Alvarez—but I have had 
considerable experience with the electron linear accelerator. 

Now, you have heard about the circular machines that are used 
to accelerate heavy particles and probably you have heard also about 
the circular machines that are used to accelerate electrons. So the 
comparison should probably be made between the linear accelerator 
that accelerates electrons and the circular accelerator that accelerates 
electrons also. 

Senator Hickentoorer. Referring to the circular accelerator you 
mean cyclotron ? 

Dr. Horsraprer. In the case of the electron it is usually called the 
synchrotron but essentially it is like the cyclotron. The advantage of 
the linear accelerator is simply this: That the beam comes straight 
out. You do not have to do anything to get it out of the machine. 
In a circular machine you have had the difficulty that it is sees 
hard to get the beam out and to get it into a very narrow spot where 
you can do accurate experiments. 

The other advantage of the linear accelerator is that at least up to 
the present the currents obtainable with it are about 1,000 to 10,000 
times greater than those you can get with a circular machine. 

It is these advantages which I would say are the principal ones. 
However, the circular machines also do very good work and they do 
so particularly by making use of internal targets and then getting an 
external gamma ray beam. With those gamma rays you can study 
very fundamental processes. So there are advantages, ten say, to 
the linear accelerator and other advantages to the circular machines. 

There is one basic advantage to the circular machine and that is that 
the beam is spread out in time. It is spread out over the order of per- 
haps a millisecond, whereas our beam is spread out over a microsecond. 
That makes many experiments difficult to do with a linear accelerator 
that are easy to do with a circular accelerator. 

So I would say it is not a question really of saying you should have 
one orthe other. It is better to have both. 

Senator HickenLoorer. Are there any other questions ? 

Representative Hosmer. Last week we heard from the chemists 
who are probing into roughly the same sort of fields as you are. How 
do you interchange knowledge with them ? 

Dr. Horstaprrer. With the chemists? 

Representative Hosmer. Yes. 

Dr. Horsraprer. Are you referring to perhaps Dr. Perlman’s kind 
of work or Dr. Seaborg’s kind of work ? 

Representative Hosmer. Yes. 

Dr. Horstaprer. We have had many conversations together at 
various times, so each one of us knows what the other one is doing. 
At the moment, I would say that the chemists in their work, at least 
the chemists at Berkeley in their work on nuclei, are mostly concerned 
with alpha particle radioactivities and things that have to do with the 
dynamics of motion within nuclei. We are here looking at the static 
properties of nuclei. You are looking at a nucleus over a period of 
time such that you fuzz out all the motions that take place and you 
average them out. 
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Now, the chemists at Berkeley have been interested in some of the 
questions like: What kind of tidal wave runs around a nucleus when 
you excite it? In that respect, they are looking at the dynamic 
properties while we are looking at the static properties. 

Representative Hosmer. W ould you say that your interchange is 
more on a personal basis or comes from reading of journals? 

Dr. Horsraprer. Both occur. But you always get the most out of 
the personal interchanges. 

Representative Hosmer. Thank you. 

Senator Hickentoorer. Thank you very much, Dr. Hofstadter. 

Dr. Horsraprer. Thank you. 

Senator Hickentoorer. We appreciate your coming here. 

We will next hear Prof. Murray Gell-Mann of the C alifornia In- 
stitute of Technology. Dr. Gell-Mann personifies the way in which 
great contributions in physics are made by young people. Alfhough 
only 28 years old, Dr. Gell-Mann is already a full “professor of physics 
at California Institute of Technology and has made very significant 
contributions to the theory of elementary particle physics and to 
other areas of physical theory. Professor Gell-Mann. 


STATEMENT OF DR. MURRAY GELL-MANN,' CALIFORNIA 
INSTITUTE OF TECHNOLOGY 


Dr. Gett-Mann. You have heard my experimental colleagues talk- 
ing about a number of fascinating experiments with elementary par- 
ticles and talking in some detail. 

I would like, if possible, to say a few general things about the field 
of elementary particles, what we think we know about them; what 
we are sure we don’t know about them, and what we wonder about. 

The discussions about physical and agricultural parity lead me to 
start out by remarking that the word “elementary” here has a differ- 
ent significance from what it usually has. This field is not usually 
thou ght of primarily as an elementary subject. Rather, the particles 
themselves are thought to be elementary in a very important sense 
and one that we find it ver y hard to define nonetheless. 

They seem to be building blocks of matter anywhere. Some of them 
you have heard of often, electrons, protons, and neutrons. 

It is a fascinating discovery of the last half century or so that 

matter everywhere in the universe consists of these particles and 
everywhere they have exactly the same properties. 

The astronomers receive light signals from galaxies that are so dis- 
tant that the light takes billions of ye: irs to reach here. 

Those light signals tell us a little about the atoms in those galaxies 
and from those light signals we can tell that the charge on the elec tron 
is exactly the same to within the accuracies of the experiments as it is 


1 Born: New York, N. Y., September 15, 1929. 

Educated: Yale University, 1944-48; bachelor of science degree in physics, June 1948; 
M. I. T., 1948-50: doctor of philosophy degree in physics, January 1951. 

Positions : Member, Institute for Advanced Study, 1951; instructor, Institute for Nuclear 
Studies. University of Chicago, 1952-53; assistant professor, Institute for Nuclear Studies, 
University of Chicago, 1953-54; visiting associate professor of physics, Columbia Univer- 
sity, fall 1954; member Institute for Advanced Study, spring 1955: associate professor 
of physics, California Institute of Technology, 1955-56; professor of physics, California 
Institute of Technology, 1956 to present. 

Some subjects of research: Symmetries of elementary particle interactions; theory of 
dispersion relations; properties of electron gas. 
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on the earth. We write the charge of the electrone. Here we multi- 
ply it by itself and write it in natural units in physics and it comes 
out this much, about 1 over 137. 

It is just as true in distant galaxies as on the earth. 

These particles are identical to one another. Their interactions 
seem to underlie all the laws of physics. All the laws of physics can 
be expressed apparently in terms of the behavior of these particles and 
in turn, so far as we know, all the other laws of science reduce ulti- 
mately to these laws of physics. 

It is not much help, of course, to tell a biologist that the interactions 
of elementary particles underlie »hysical laws or that physical laws 
underlie all of the operations of A organisms that he studies because 
he has to study them on a different level where the physical laws do 
not help him very much. He must understand them on a biological 
level. 

In the fact that matter everywhere is made out of the same par- 
ticles, we seem to have encountered a great deal of simplicity. That 
is very nice. 

But when we subject matter to violence in the accelerating machines 
that you have heard about, this simplicity seems to be replaced by 
an appalling complexity. 

Instead of 3 rather simple fundamental particles we are now forced 
to deal with 31 of them, and maybe more. We cannot be satisfied 
with a situation like that. 

Partly it is because by temperament we are not botanists. We 
don’t want to go out in the woods of the atom and find a lot of different 
things and give names to them and describe the vast complexity of 
them. 

Physics has always eventually uncovered simplicity and regularity 
in nature provided the physicists have asked the right questions. 

It is ap ps went that in simply asking for a list of elementary par- 
ticles we have not been asking the right questions because we have 
gotten awful answers. The first thing to do is to search for regularity. 

I would like to try to show you how we have already found con- 
siderable regularity in what appears at first to be chaotic and how we 
hope for more and where our information that might lead to more 
regularity would come from. 

We know so far of four great forces in nature. I would like to list 
them. 

Electromagnetism, gravitation, nuclear forces, and the famous weak 
interactions about which you have probably heard quite a lot this year. 
They are responsible for the beta decays in nuclei, certain radioactivity 
in nuclei. 

So far that is a complete list. Already there is some regularity. 

In quantum physics it turns out that every force field, like one of 
these, is associated with a particle which is a sort of carrier of the 
force. Electromagnetism, as you know, manifests itself often in 
waves, like radio waves. The discovereries of this century in quan- 
tum physics say that if you look at radio waves closely enough they 
consist of particles and that particles behave in a sense like waves. 

For electromagnetism these particles are called photons, from the 


Greek word for light. Light is certainly a form of electromagnetic 
radiation and it is made up ‘of photons. 
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Not only do we know this, but we know also the law of electromag- 
netism. It was formulated in a classical way by Maxwell in the 19th 
century. 

We know the law of electromagnetism pretty well. We know it is 
carried by these particles called photons and we know that all 
elementary charged particles possess the same strength of electromag- 
netic interaction, the same electric charge, this number, 1 over 137. 

That is a great deal of simplicity. We might refer to it as univer- 
sality, the universality of electromagnetism. Electromagnetism has 
the same behavior everywhere. 

For gravitation we believe, although it has not yet been possible to 
subject this to experimental tests, we believe gravitation is carried by 
gravitons. The strength here is again universal except that it is pro- 
portional to the weight of the particle that is involved. 

For a typical particle the strength here is very much smaller. I 
will write it as 1 over 10 to the 39th. That is 1 with 39 zeros after it. 

We know that gravitation is a big thing, but that is because there 
are lots of particles making up the earth and we feel the combined 
effect of all of them, but any one of them has an interaction strength 
this small. 

Therefore, in atomic physics we do not deal at all with gravitation, 
except insofar as the apparatus sits on the earth. We deal primarily 
with the last two inde of force, only recently subjected to experi- 
mental and theoretical analysis, in the last 25 years. 

In the case of the nuclear forces it was predicted by a Japanese 
physicist in 1935 that they also would be carried by particles, that the 
nuclear force field could be broken up into particles. 

These particles have since been discovered and are called mesons. 
There is not just 1 kind of them, unfortunately, but 7 of them, so far, 
as we will see in a moment. 

Here we have been unable so far to formulate a very simple or uni- 
versal law. I need not remind you in the case of gravitation there is 
a famous universal law. 

In the case of electromagnetism we have said there was. In the 
ease of nuclear forces there is still complication. We do not have so 
far a simple, complete law. 

The strength here is more like 10, very large. These are the strong- 
est forces in the world. 

In the case of the weak interactions, we have a strength of some- 
thing like 1 over 10 to the 14th. 

This is 1 with 14 zeros after it, very weak. 

We do not know whether there is a carrier for weak interactions 
or not. It would seem logical that there is. It has not been discovered 
yet. We have no evidence so far one way or the other except perhaps 
the evidence of analogy. 

Now, in the case of the weak interactions, although we don’t know 
anything about the carriers or even whether they exist, a rather 
important development has taken place in the last year. 

We seem to have found a universal law for these interactions. In 
the way it has come about it is not a startling or striking or world- 
shaking discovery of the kind that Newton or Einstein ma e, or Max- 
well made. Still it is significant that a universal law for the weak 
interactions is now known. 
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It was not true a year ago. A year ago it appeared that different 
particles had different kinds of weak interactions and a fantastic 
amount of energy and literature went into describing and discussing 
and analyzing the various kinds of weak interactions possessed by 
various kinds of matter. 

This was a terribly complicated situation. But after the theoretical 
work on nonconservation of parity (especially by Lee and Yang in 
this country and by Landau in the Soviet Union), after that theory 
and after the experiments which confirmed it, some of us theoreticians 
proposed that there might be a universal law for the weak interactions, 
a simple one. 

This reflects the old belief that nature basically is regular if you 
know how to look at it. We guessed, a mere guess, that a simple law 
could be found. This was in agreement with a number of experi- 
mental results, but in disagreement with others, in disagreement with 
a few well established experimental results. 

Impudently we supposed that perhaps these results were wrong be- 
cause we believed that nature was regular, and it seems now it was so. 

Those experiments which disagreed with the simple law, turned out 
to have been wrong and we ner ida a sort of universal force law. 

This is not the whole story, though. So far, in fact, what we have 
looked at is relatively simple. 

Let me show you some of the more horrible complexities. Some 
forms of matter are these carriers, carriers of forces, photons, gravi- 
tons, mesons. Matter appears in other forms, though, like electrons 
and protons. 

In fact, those are the forms which we are most familiar with. So 
matter other than carriers must be taken care of, also. 

It is found that the particles of which matter is basically composed, 
if you include those which show up when you subject matter to great 
violence, are numerous, very numerous, and we do not yet fully under- 
stand why there are so many. 

But they exhibit a few regularities that we do know. They come 
in families, in huge families. You remember that the mesons which 
I mentioned before as carriers of nuclear forces come in several forms. 
We list them this way: z*, 7°, 2; K*, Ke K°, K-. A great family of 
mesons, divided into two branches. These families seem to contain 
groups of brothers and sisters. These brothers and sisters have the 
same mass approximately and very closely the same properties, but 
differ in their electrical charge. 

Here we have the brothers that we call by the Greek letter Pi. There 
is a neutral one, electrically neutral. There is a positive one, there 
is a negative one. We have another group of mesons that we call by 
the letter K, 4 of them; 2 neutral ones, 1 called K° and 1 called 
anti-K° ; a negative one; and a positive one. 

Now, let us discuss the rest of the matter, matter that is not in 
the form of carriers. It is divided into two great families again, 
heavies and lights. Among the heavy particles you know about the 
neutron which I write with a zero because it is electrically neutral, 
and the proton which I write with a plus because it has a positive 
electric charge, but that is not by any means all. 

This is a pair of brothers and sisters. But here we have the lambda, 
an only child. We have a group of 3 we call by the Greek letter 
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sigma and a group of 2 we call xi. At least we think it is 2; only 1 
has been seen so far. 

You have heard about the discovery, as predicted theoretically, of 
antimatter. That is at the Berkeley machine in the past year or two. 
They have made antineutrons and antiprotons. 

The antiproton has a negative charge, while the regular proton 
has a positive one. 

At Berkeley they have not yet made antilambdas or antisigmas or 
anti-xi’s, but we are confident that they will; they or their Soviet 
colleagues. 

The light particles you are familiar with in at least one example, 
the electron. We have lots of electrons in ordinary matter, but re- 
search over the last couple of decades have revealed there are other 
particles in this family. 

There is the neutral neutrino and there is the muon, called by the 
Greek letter mu. 

Also there are antiparticles of these, the positron, the antineutrino, 
and the positive muon. 

This completes the list, but it surely is enough. 

You see that although there is this great complication, there ap- 
pears to be some regularity. There are these families of brothers and 
sisters with very similar properties. There is this division into two 
huge families, the heavies and the lights. 

This division is not an arbitrary thing. There is apparently a fun- 
damental rule of nature that these things can never turn into each 
other, by no possible transformation can a heavy particle furn into a 
light one, or vice versa. In no way can we create or destroy either a 
heavy particle or light particle unless we do it by making an anti at 
the same time as was done at the Berkeley machine. 

This law is a fortunate one because it is responsible for our exist- 
ence, ina way. If the matter that composes nuclei could fall apart, 
if the heavy particles could fall apart into light ones, then nuclei 
would not exist. 

It is also this law which prevents us from making use of the vast 
energy, the mass energy that is stored in the constituents of the nu- 
cleus. 

As you know, in fission and fusion only a tiny fraction of that en- 
ergy is used. We cannot apparently tap the remainder, because we 
cannot destroy one of these particles. 

The only thing we can do is play with the energies that are involved 
when these things are bound together, but to destroy the particle would 
require bringing up to it an antiparticle. 

In order to make the antiparticle we would have to make a pair and 
expend the same kind of energy we would get back when we destroyed 
the matter. 

So destruction of matter is possible only by means of antimatter 
and creation of matter is possible only if antimatter accompanies it. 
It isa very fundamental law. 

Another thing that you can see is the symmetry between matter and 
antimatter, which has been experimentally confirmed wherever it has 
been looked for. 

This year we have learned to understand the symmetry in terms of a 
mirror. The antimatter is the mirror image of the matter. Every 
particle has its mirror image in nature. 
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If matter behaves in a right-hand way, the antimatter behaves in 
a left-hand way, and vice versa. 

Let me call attention to one more thing which you might have heard 
of. 

Suppose we take one of these sets of brothers here among the heavies, 
say the proton and the neutron, and we look at the average charge. 
The charge a 3 zero for the neutron and one for the proton. 

So the average is one-half. But if we look at this group of brothers 
called sigma we see that the average charge here is zero. There isa 
negative, a zero, anda plus. The average charge here is zero. The 
average there is one-half. 

This pr operty, called strangeness, is apparently responsible for the 
enormously long lives of these things. 

You have heard Professor Alvarez tell you how these things live 
surprisingly long time, a billionth of a second, and what explains this 
very lone lifetime is the fact that these brothers and sisters have a dif- 
ferent average charge from the ones here. 

All of this regularity is encouraging. The gradual exploration of 
the four fundamental laws of force is very encouraging, but it is not 
yet enough. 

Now, where are we going? We may look for further regularities 
of this kind, although it may be that we know almost all of them 
now. Also, the laws of force have to be explored further: We have 
to go to shorter and shorter distances. 

As you know, in quantum physics when you go to shorter distances 
you go to higher energy and you spend more money. Thiat is part 
of what is necessary. “But is that all that we are supposed to gain? 
Is that all we are supposed to gain by going to higher energy and 
smaller distances? Exploring these laws of force further ? 

We believe not. We have reason to believe that our present con- 
cepts cannot simply be extrapolated to shorter distances, that it is not 
possible simply to extend the laws of electromagnetism, the laws of 
weak interactions and the laws of strong interactions. We have 
reason to believe instead that these laws become internally contradic- 
tory as we go to short distances, no matter how we play with them 
and extrapolate them, and that it will be necessary to change our 
fundamental concepts, probably of space and time, perhaps of proba- 
bility. 

Our fundamental concepts probably will have to be altered when 
we reach the shorter distances that will become accessible in the next 
couple of years or perhaps even at the distances that are being inves- 
tigated right now with high energy accelerators. 

Now, is that all that will happen? Do we expect in other words 
that we will simply get into more and deeper trouble? I think not. 

If physics behaves this time the way physics has behaved in past 
centuries we have every reason to believe the following: 

That we will uncover entirely new phenomena in this region and 
be faced with new questions, but that at the same time we will begin 
to have answers to the present questions. We may obtain a glimpse 
of the machinery by which nature is manufacturing the kind of regu- 
larity and the kind of complexity we have been talking about. 

Along with the new problems we expect some answers to the ques- 
tions that we ask now. What are these questions? 
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Why is c squared 1 over 137? Why are the weak interactions 
weak? Why is matter divided into heavies and lights? 

Why do the mesons come in this variety of different forms? 

Why are there these families, why are there brothers and sisters? 

Why is gravitation so very much weaker than anything else? 

Nature has some kind of mechanism by which all of these things 
are arranged and I think that when we explore the shorter distances 
and higher energies it is likely that along with entirely new phenom- 
ena and puzzles and mysteries we may find answers in terms of those 
mysteries to these questions that we ask today. 

Senator Hickentoorer. Does that conclude your statement, Pro- 
fessor ? 

Are there any questions? 

Representative Hosmer. In connection with your statement that 
you can destroy a particle without making another one, how does that 
relate to E—Mc?? 

Dr. Grett-Mann. This question is not only whether the energy 
E-M¢Cc? is there, but whether you can use it. 

The entire mass energy of a nuclear particle can be released only, so 
far as we know today, if it is annihilated with a particle of antimatter. 

So far as we know today, in order to make a particle of antimatter 
we have at the same time to make another particle of matter and we 
have to expend the same kind of energy that we find released when 
we annihilate it. It may be that there are vast regions of the universe 
that consist of antimatter rather than matter, but I think it is doubt- 
ful if any of us or our immediate descendants will live to see the time 
when we can get a bottle of the stuff, presumably an antibottle, and 
use it to release the energy of matter. 

Representative Hosmer. The only atomic energy we get is just the 
binding energy ? 

Dr. acs Meni. That is right. It represents a fraction of a per- 
cent of the total, that is all. 

Chairman Duruam. Doctor, looking in the future, does this have 
any application to biology? I am thinking of human bodies. Bodies 
are made up of matter, too, as well as everything else. Does it have 
ga Aa eet ? 

r. Gett-Mann. The biologists presumably do not have in their 
studies to make use of any more details of the physical laws of nature 
than they know already. 

Chairman Durnam. I am thinking particularly about chemistry of 
diseases. It looks to me you go into it in such a detailed way that you 
would produce some results that could find certain matter in the human 
being that tends to destroy the body as well as build it up. 

Dr. Gett-Mann. I think we can say something like the following: 
that nuclear physics, which has already undergone some considerable 
development, was in its time a field like this one, half a generation ago. 

Now, nuclear physics did not directly contribute a very great deal 
to the study of biology except insofar as people realized certain radia- 
tions are of some importance in genetics. 

But nuclear physics did, sort of as an afterthought, or in an indirect 
way, contribute enormously to the study of biology by providing cer- 
tain research tools like the tracer isotopes for the stu y of biology. 

In this field we cannot point to that at the present time, but we 
cannot exclude the possibility that some day in the future researches 











PHYSICAL RESEARCH PROGRAM 595 


of this kind might conceivably provide research tools for research 
in biology. 

I don’t think they will help the biologists directly. 

Chairman Durnam. You have the antis and the positives. It looks 
to me as though it would help them solve many of the problems, get- 
ting down into the lower forms of matter. We do not know how low 
we are, nobody does, but you are certainly reaching a point that has 
not been reached in the history of the world. Is that not true? 

Dr. Getu-Mann. This is, of course, a frontier study. All I can 
say is that one cannot see at the moment any application to biology, 
but we cannot exclude the possibility that in the future it might be 
of some help. 

Representative Horirretp. Are the photons a possible future source 
of energy; or useful energy for propulsion, space propulsion? Could 
they be? 

Dr. Gett-Mann. In a sophisticated kind of space propulsion you 
try to push matter in any form whatsoever out the back as fast as you 
possibly can. 

Now, in the course of this, for instance if thermonuclear energy is 
used for rocket propulsion, naturally some of what is pushed out in 
the back might be in the form of photons, but the difficulty in the case 
of photons is to assure it goes backward rather than both ways. 

I think in the far future, looking centuries or thousands of years 
ahead, if the human race lasts that long, these velocities of things 
coming out the back might approach the speed of light, and light 
and all sorts of other forms of matter traveling at the speeds approach- 
ing that of light might conceivably be involved, and such things might 
permit interstellar travel. 

This is an inconceivable distance in the future, but theoretically not 
excluded. 

Representative Hortirtecp. We have a restriction to ion emission 
now; have we not? 

Dr. Grett-Mann. That seems to be a more immediate concern, al- 
though some photons will come out, too, photons in the form of gamma 
rays, for example. 

Mr. Tout. Did you suggest antimatter might exist in other planets? 

Dr. Greti-Mann. I think not planets of our solar system. It is 
not at all excluded that distant galaxies might consist of antimatter. 
That is an undecided question. 

Mr. Tot. Would this be a good reason for wanting to get out into 
outer space in order to bring some antimatter back? 

Dr. Gett-Mann. Maybe in a thousand years that will be debated 
by this committee, but I don’t think it is of great interest at the 
moment. 


Representative Hotrrretp. What is the effect of bringing together 
antimatter and matter ? 

Dr. Gett-Mann. Catastrophe. Complete release of all the energy. 

Representative Hotirreip. Annihilation ? 

Dr. Gett-Mann. Annihilation. 

Representative Horirrevp. If antimatter could be manufactured 
synthetically 

Dr. Geiut-Mann. Oh, well, Dr. Alvarez comes from an institution 
where they do manufacture it synthetically. 

23103—58——39 
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Representative Horirretp. Then you would have the answer to a 
boundless sort of energy. 

Dr. Gett-Mann. Yes; unless they do it the way they do it at Berke- 
ley where they put in the same kind of energy that they take out. And 
that is apparently the only way to make it. 

Representative Horirre.p. I was going to ask a question sometime 
back in regard to the linear accelerator. I happened to be out in 
Berkeley when they made their test of the linear accelerator. Are 
there more linear accelerators being built, or are you relying mostly 
on the cyclotron method, the circular method ? 

Dr. Gett-Mann. I am not the best person to ask that question. I 
think somebody more familiar with the program in machine develop- 
ment should be asked that question. 

I do know a little about it, but I would much rather you asked 
someone else. 

Reprieve Ho.irtetp. Dr. Alvarez, would you care to comment 
on it? 

Dr. Atvarez. Yes; I would, sir. 

At the present time the main usefulness of proton linear accelerators 
is as injectors into the very high energy circular machines. The 
Brookhaven people have built proton linear accelerators as injectors 
just as we have in Berkeley, as they have in Russia. 

They are building a large proton accelerator at Kharkov in Russia; 
there were plans for one at Harwell, but at the last moment they 
were changed to circular machines. 

So far as I know, no one has plans at the moment to build a proton 
linear accelerator in the multi-Bev. range. 

The Stanford people have plans for a 45-billion-volt electron accel- 
erator. It will be about 2 miles long. 

The Russians have plans for a similar machine. The French, I 
believe, are building at the moment and have almost completed a linear 
accelerator for electrons much like the one at Stanford. 

In this connection I would like to defer to Dr. Hofstadter. 

Is that essentially right, Bob? 

Dr. Horsraprer. That is right. 

Representative Horirreip. There is a definite proving, then, of the 
value of the linear accelerator to do things which you cannot do with 
the circular accelerator ? 

Dr. Atvarez. I think that would be a fair statement. 

Senator Hicken.oorer. If there are no more questions, we thank 
you, Professor Gell-Mann, for your time and for your help here, even 
though I think there are certain areas in which you may have left 
the committee. 

Dr. Gett-Mann. Thank you. 

Senator Hickenwoorer. But it is a very valuable record. 

Now, we will next hear from Dr. Bruno Rossi of the Laboratory 
for Nuclear Studies at MIT. Professor Rossi was born and educated 
in Italy and his studies in the field of cosmic ray physics have carried 
him all over the world. During the war he spent 3 years on the staff 
of the Los Alamos Laboratory and since that time has been devoting 
his efforts to teaching and to high-energy experiments, both through 
cosmic rays and through high-energy accelerators. Professor Rossi, 
we are delighted to have you here today. We appreciate the great 
work you have done. 
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STATEMENT OF DR. BRUNO ROSSI, OF THE MASSACHUSETTS 
INSTITUTE OF TECHNOLOGY 


Dr. Rosst. It is a pleasure for me to discuss with this committee a 
branch of high-energy physics which has been exceedingly fruitful 
in the past and, in my opinion, still holds great promise of future 
achievements. 

When I first became interested in cosmic rays, nearly 30 years ago, 
the main problem was to establish the nature of this radiation. This 
problem, y now, has been solved. We know that cosmic rays are 
nuclei of the various elements stripped of their electrons; mainly 
nuclei of hydrogen (protons) and nuclei of helium (« particles). 

The characteristic feature that distinguishes cosmic rays from 
other rays of celestial or terrestrial origin is the very large amount 
of energy concentrated in each individual particle. Deneah cosmic 
rays are very few, this does not mean that the cosmic radiation as a 
whole carries a large amount of energy, it means that the energy of 
each particle is very great. A comparison between the individual 
energies of various kinds of rays appears in exhibit 1. The unit of 
energy is the electron volt, i. e., the kinetic energy acquired by an 
electron when accelerated through a voltage difference of 1 volt. 

Cosmic rays, traveling in all directions with practically the speed 
of light, fill the space between stars. The earth, like all other celestial 
objects, is immersed in this cosmic-ray stream. Upon entering the 
atmosphere, cosmic rays collide against nuclei of the various elements 
contained in the air. The study of these collisions has been a most 
rewarding activity of cosmic-ray physicists for many years. In par- 
ticular, it led to the discovery and identification of a host of “new” 
particles, such as r-mesons, »-mesons, K-mesons, and hyperons. These 
particles are not found in ordinary matter. They are born by ma- 
terialization of energy in the interactions of high-energy particles 
such as cosmic rays, and disappear by spontaneous decay after a few 
millionths of a second or less. 


1 Born in Venice, Italy, in 1905. He is married, has three children. 

Professor of physics at MIT since 1946. Other full-time appointments are: Assistant 
professor, University of Florence, Florence, Italy, 1928-32; professor, University of Padua, 
Padua, Italy, 1932-38; associate professor, Cornell University, Ithaca, N. Y., 1940-43; and 
staff member, Los Alamos Laboratory, Los Alamos, N. Mex., 1943-46. 

Studied at the University of Padua, Padua, Italy, from 1923 to 1925 and at the Univer- 
sity of Bologna, Bologna, Italy, from 1925 to 1927, where he received a doctor of philosophy 
in physics. 1930: research scholar at National Research Council, Rome, Italy; 1932, 
Italinn Academy, Rome, Italy: and research fellow in 1939 at Victoria University, Man- 
chester, England ; 1939-40: research associate at University of Chicago. 

At the time he first began work on cosmic rays in 1929, very few scientists understood 
their importance. A device that Dr. Rossi invented for recording the arrival times of 
cosmic rays, the Rossi coincidence circuit, has been in use for 25 years. In 1930 Dr. 
Rossi predicted theoretically the “east-west effect,” the fact that cosmic rays arrive in 
larger numbers from the east or from the west, depending on whether they are positively 
or negatively charged. This prediction was later confirmed by experiments made by Amer- 
ican scientists and by Dr. Rossi himself. 

An important discovery of Dr. Rossi’s in 1931 was the production by cosmic rays of 
secondary rays in matter. He then studied the behavior of one component of cosmic rays, 
mesons, particles that are capable of penetrating a foot into solid lead. Dr. Rossi found 
that ee are unstable particles and decay spontaneously, with a mean life of 2.15 
microseconds, 

After the interval of work at Los Alamos, Dr. Rossi returned to the field of cosmic rays 
at MIT. His current investigations have to do with the interaction of high energy cosmic 
any particles with atomic nuclei, which throws light on the nature of the cosmic rays 
themselves. 

Member of the National Academy of Sciences, the American Academy of Arts and Sct- 


ences, National Academy of Science, American Physical Society (served as one of the 
editors of its publication), and Sigma Xi. 
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Cosmic rays were the only available source of “new” unstable parti- 
cles until the advent of the high-energy accelerators. Now that these 
machines have provided a convenient terrestrial source of unstable 
particles, cosmic-ray physicists are turning their attention to another 
— of the cosmic-ray problem: the astrophysical aspect. 

ere we are just at the pie but it already appears that cos- 
mic-ray studies will prove as fruitful in this field as they have been 
in the field of particle physics. 

We don’t know yet for sure where cosmic rays come from, nor how 
they gather their tremendous energies. It is becoming increasingly 
clear, however, that the problem of the origin of cosmic rays is inti- 
mately connected with the problem of the dimensions and the struc- 
ture of our galaxy. Also, exceedingly interesting correlations have 
been discovered between solar phenomena and cosmic-ray effects. 

If I may, I would like to say a few words about our present research 
program at MIT. The aim of this program is a study of the high- 
energy end of the cosmic-ray spectrum. We wish to find out how large 
the energies of individual cosmic-ray particles can actually be, and 
from which directions of the sky the particles of the highest energy 
arrive. 

To bring the significance of these problems into focus, I would like 
to call your attention to exhibit 2, which shows a picture of how the 
Andromeda nebula and a schematic diagram of our own galaxy, be- 
lieved to be quite similar to the Andromeda nebula. As you see, our 
galaxy has the shape of a very flat disk, with the solar system sitting 
about two-thirds of the way from the center to the edge. Magnetic 
fields with average strengths of the orders of 5 or 10 microgauss (i. e., 
about 100,000 times weaker than the natural magnetic field at the sur- 
face of the earth) are believed to occupy the volume of this disk. 
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Weak as they are, these magnetic fields, acting over enormous dis- 
tances, are capable of deflecting the trajectories of cosmic-ray parti- 
cles so that the directions of arrival of such particles do not bear much 
relation to the positions of their sources. However, as the energies of 
the particles increase, their trajectories are less and less curved. At 
energies of 10"? or 10"* electron volts, the trajectories become practically 
straight and therefore, if we focus our attention on particles of these 
exceedingly high energies, we have a chance to find out where their 
source is located. 

There is another reason for our interest in the high-energy compo- 
nent of cosmic rays. Various theories have been produced to explain 
how cosmic-ray particles acquired their energies. Each theory sets 
an upper limit to the energy that cosmic-ray particles can have. Per- 
haps the most popular theory today is that proposed by Fermi sev- 
eral years ago. According to this theory, the upper limit of the 
energy is of the order of 10% electron volts. In other words, if Fer- 
mi’s theory is correct, no cosmic-ray particles of energy greater than 
10*8 electron volts should exist. 

The main difficulty in the experimental study of high-energy cos- 
mic-ray particles lies in the fact that they are exceedingly rare. Even 
before we started our experiment we knew that if we were to place a 
detector of 1 square meter at the top of the atmosphere, we would 
record about 1 particle of energy greater than 10** electron volts 
every year, and about 1 particle of energy greater than 10” electron 
volts every hundred years. Particles of still greater energy, if they 
existed at all, were bound to be much rarer still. 

Fortunately, however, there is a way out of this difficulty. When 
a high-energy particle enters the atmosphere, it soon collides with an 
atomic nucleus and in the collision a number of seconda articles 
are produced, much like fragments of a stone hit by the bullet of a 
gun. The secondary particles collide again with atomic nuclei, pro- 
ducing more secondary particles. This process continues until even- 
tually the primary energy is spread among a very large number of 
secondary particles, each one possessing such a small energy that it 
is not able to produce further interactions. Thus, from a single pri- 
mary particle, there develops what we call an air shower, which pene- 
trates deeply into the atmosphere, all the way to sea level (see exhibit 


» 
3). 
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ExuHIsitT 3.—Air shower (schematic). 
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Exursit 4.—Cloud-chamber picture of a shower. 
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To illustrate this process, I would like to call your attention to 
exhibit 4, showing the cloud chamber picture of a shower. In this 
case the shower develops not through air but through a series of lead 
plates. Also, the energy of the primary particle (a few times 10* 
electron volts) is much lower than that of the cosmic-ray particles 
responsible for the large air showers. 

n our experiments we detect the high-energy primary particles by 
observing the showers which they produce in the atmosphere. We 
record the showers by means of large fluorescent counters spread over 
a wide area. Exhibit 5 shows pictures of our counters. Exhibit 6 
shows the arrangement of the counters in the field. Exhibit 7 shows, 
schematically, a shower front about to strike our array of counters. 
It is important to note that, at any given instant of time, all shower 

articles lie within a thin, flat disk; the disk, which we call a shower 

ront, travels with practically the speed of light in the direction of 
the primary particle. If the shower does not strike vertically, its 
front will not reach the various counters simultaneously. From the 
small delays between the signals of the various counters, we can deter- 
mine with good accuracy the direction of arrival of the primary 
particle. From the size of the pulses we can compute the number of 
shower particles that have traversed each detector, and from these 
data we can then figure out the total number of particles in the shower. 
This number, finally, enables us to compute the energy of the primary 
particle that has produced the shower. In conclusion, for met shower 
we can determine the direction of arrival and the energy of the pri- 
mary particles by which it has been produced. 





EXxuIsbit 5.—Fluorescent counters. 
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Exutsit 6.—Schematic diagram of plastic scintillation counter. 
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A SHOWER FRONT 
APPROACHING THE COUNTERS 


EXuHIsIT 7. 


Representative Horirretp. Could I ask you, Dr. Rossi, if there is 
any information you can give us from the Explorer? 

Dr. Rossi. I think Dr. Van Allen will answer this question. I 
know he has had cosmic-ray detectors in the Explorer. 

Representative Hosmer. The plane of the disk is perpendicular to 
the direction of the incoming rays? 

Dr. Rossr. Yes. 

Representative Hosmer. Irrespective of the amount of energy in 
the rays, the diameter of the disk remains the same? 

Dr. Rosst. This question does not have a definite answer. The 
point is that the particles are not spread uniformly over the disk. 
The density of rays is greater near the center than at the edges. How- 
ever, the relative density distribution is about the same for showers 
of all sizes. 

Representative Hosmer. But the size does determine the total 
number ? 

Dr. Rosst. Yes. Now, if you have a shower of great density, you 
can detect it farther away, while if you have a shower of few par- 
ticles, you have to be near the core in order to record it. 

Representative Hosmer. And the particles that are created by the 
collision follow the ordinary rules of interaction ? 

Dr. Rosst. That is right. 

We have just completed an experiment of the kind that I described 
before near Canibetive. Mass. The area of detection was about 50 
acres. The largest shower observed had 1.6 billion particles, indi- 
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cating a primary energy of almost 10 electron volts, or about one 
joule. Exhibit 8 shows the detailed analysis of the shower just men- 
tioned; the various points represent the density of shower particles 
measured by detectors at various distances from the shower center. 

Representative Hosmer. Did you rule out the possibility of the 
source of this shower being the conjunction of two or more cosmic 
rays? 

Dr. Rosst. The large showers come so very rarely that the chance 
of two of them coming together is absolutely negligible. Moreover, 
the super position of two or more showers would not produce such a 
smooth distribution as shown in exhibit 8. The fact that we find a 
single concentration of particles rather than several is good evidence 
that our interpretation is correct. 
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Exureir 11.—Directions of arrival of showers with more than 3 x 10° particles. 


ere eh 
tt eae hd 
a 
sae kadhat lick Slo. ed loat 
CPE ot 
PEPE EAH 

| 
ate 


u01}0u1/99Q 





% 








oc ° 


PHYSICAL RESEARCH PROGRAM 611 


Other results of our experiment are shown in exhibits 9, 10, and 11. 

The diagram in exhibit 9 is the observed spectrum of shower sizes. 

The diagrams in exhibits 10 and 11 describe the results of the direc- 
tional measurements. Each point of the celestial maps represents 
the direction of arrival of the primary particle responsible for an 
observed shower. Exhibit 10 refers to all showers with more than 
210° particles, whereas exhibit 11 refers to the largest showers 
recorded during our experiment. As you can see, cosmic-ray par- 
ticles appear to come from all regions of the sky. For the group of 
highest energy there seems to be some tendency for the directions of 
arrival to crowd near the galactic plane. Altogether, however, the 
observed anisotropy is not as large as one might expect if cosmic rays 
were of purely galactic origin. 

Representative Hosmer. Does that indicate that particles do not 
come from areas of the galactic plane? 

Dr. Rosst. No. In fact, there seems to be a slight indication that 
they come more often from regions of the sky near the galactic plane 
rather than from regions of the sky far from the galactic plane, but 
it is a very uncertain indication and it needs to be confirmed before 
we can make any conclusion. 

Chairman Duruam. Are there variations in different parts of the 
earth ? 

Dr. Rosst. From each point of the earth we can explore only a cer- 
tain region of the sky. Obviously, from the Northern Hemisphere, 
we cannot see the southern sky. Of course, it is very important to 
explore also that part of the sky that is not visible from our latitudes. | 

| 


For this reason we have had, for about a year, a detector of cosmic- 
ray showers operating in southern India and we are going to send an- 
other set of detectors to Bolivia very soon. 

To repeat what I said before, our experiments so far have achieved 
two main results. They have shown that particles with energies as | 
high as 10'§ electron volts can arrive from practically all regions of 
the sky. They have also shown that there exist cosmic-ray particles | 
with energies of the order of 18 electron volts. This energy is 
greater than the maximum energy predicted by Fermi’s theory. In- 
deed, it is difficult to imagine any acceleration mechanism operating 
within our galaxy and capable of generating particles of such tre- 
mendous energies. The reason is, essentially, that the mechanism of 
acceleration of cosmic-ray particles in the galaxy is supposed to be not 
very different from that responsible for the acceleration of particles 
in cyclotrons, synchrotrons, and bevatrons. We need a magnetic field 
to hold the particles in the volume where they are to be accelerated. 
The size of the galaxy and the strength of the galactic fields are not ! 
sufficient to contain cosmic-ray particles of the highest energy that 
we have observed. 

Thus it seems that either our assumptions about the origin of 
cosmic rays, or our ideas about the structure of the galaxy, or both, 
need to be revised. Before we can do this profitably, however, we 
need more experimental data, especially on the directions of arrival 
of the particles of highest energy. To obtain these data in a reason- 
able time we must substantially enlarge our area of detection. For 
this purpose, we have now under construction the equipment for a | 
new experiment, to be started in New Mexico next summer, in which 
we plan to cover an area of 2,500 acres, or 50 times the area covered 

23103—58——40 
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by the present experiment. New Mexico has the added advantage 
of a higher elevation, which makes the observation of the showers 
easier. 

Chairman DurHam. What do you think of the possibility of har- 
nessing cosmic rays for use at a future date? 

Dr. Rossi. The energy carried by cosmic radiation is very modest 
and I do not see any practical application for it. Our interest lies 
rather in determining how large the energy of individual particles 
might be. If there are particles of 10*°-electron-volt energy, we 
ought to be able to observe them in our New Mexico experiment. 
Also, this experiment should give good information on the distribu- 
tion of the directions of arrival of particles with 10** electron-volt- 
energy. 

Chairman Durnam. Doctor, you say that you detect cosmic rays 
with energy of 10” electron volts. How does this compare to the 
highest energies which we can obtain with our accelerators? 

Dr. Rosst. I think this is best answered by the chart on exhibit 1. 
The bevatron is just below 10%°. Each horizontal line represents a 
power of 10. Cosmic rays begin just about at the energy where ter- 
restrial accelerators end. The highest energy observed in cosmic 
rays is about 9 powers of 10, or 1 billion times, greater than the 
bevatron energy. 

Seninhentail if one were to build an accelerator whose magnet 
encircles the earth and produces a magnetic field of 10,000 gauss, one 
could produce particles of about 10*-electron-volt energy. This 
seems to be more or less an upper limit for the energies that one can 
achieve on the earth! 

Representative Hosmer. Doctor, do these observations of cosmic 
rays with primary energies of 10" electron volts lead to sepculation 
about other galaxies of greater magnetic densities ? 

Dr. Rosst. There are many different possibilities, of course. It 
is likely that other galaxies are more efficient in producing cosmic 
rays of higher energies than our own. There are, for example, col- 
liding galaxies where certainly very violent phenomena occur and 
most hats very high accelerations are obtained. So it is possible 
that the high-energy end of our cosmic ray spectrum does not come 
from our galaxy but comes from other galaxies. 

On the other hand, the spectrum is quite smooth. There is no 
break anywhere and this feature seems difficult to reconcile with the 
assumption of two different origins for the low and the high energy 
of the spectrum. I think what is more likely to develop from our 
studies is that our old ideas about galaxies are wrong. We probably 
do not have well-defined islands in an empty space. Rather the whole 
space is full of gases and magnetic fields, and the galaxies are simply 
regions where the concentration is higher. 

Presumably cosmic rays are originally produced in the galaxies 
where most of the matter is found. They circulate for a while in the 

ralaxy where they are born, gradually gaining energies. Eventually 
they tak out into intergalactic space where they continue to gain 
energy. 

Chairman Duruam. The farther out you go, the better data you 

et 
: Dr. Rosst. Yes, sir. 

Senator Hicken.oorer. Thank you, Dr. Rossi. We certainly appre- 

ciate your help this morning and your time in coming here. 
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Dr. Rosst. Thank you, sir. 
(The bibliography submitted by Dr. Rossi follows :) 


BIBLIOGRAPHY 
(Submitted in connection with the statement of Dr. Bruno Rossi) 


(1) “An experiment on Air Showers” (B. Rossi). Paper presented at the New 
York meeting of the American Physical Society, January 30 to February 2, 
1957. 

(2) “An Experiment on Air Showers Produced by High-Energy Cosmic-Rays” 
(G. Clark, J. Earl, W. Kraushaar, J. Linsley, B. Rossi, and F. Scherb) 

Nature Vol. 180, pp. 353-356, and pp. 406-409, 1957. 

(3) “The MIT Air Shower Program” (G. Clark, J. Earl, W. Kraushaar, J. Lins- 
ley, B. Rossi, and F. Scherb). Paper presented at the conference on 
Cosmic-Rays of the IUPAP at Varenna, Italy, June 1957. To be published 
in Nuovo Cimento. 

(4) Annual Progress Report of the Laboratory for Nuclear Science of the Mas- 
sachusetts Institute of Technology—June 1, 1956, to May 31, 1957, page 63 
(B. Rossi, G. Clark, J. Earl, W. Kraushaar, J. Linsley, F. Scherb, and T. 
Cline). 

Senator HickEenioorer. We will next hear from Prof. James A. 
Van Allen, who is head of the physics department of the State Uni- 
versity of Lowa. 

In addition to directing the activities of the department, Professor 
Van Allen has been active in the field of upper atmosphere rocket 
research and cosmic ray studies. 

He is a member of the International Geophysical Year Technical 
Panels on Cosmic Rays, Rocketry, Aurorae, and the Earth Satellite 
Program and Chairman of the Working Group on Instrumentation 
of the latter. 

Professor Van Allen, who directed work on the instrumentation 
which is embodied in the United States satellite Explorer, will describe 
some of his activities and plans in the use of rockets and satellites in 
the field of cosmic ray research. 

We are glad to have you with us, Dr. Van Allen. We appreciate 
your coming. 


STATEMENT OF DR. JAMES A. VAN ALLEN,’ OF THE 
UNIVERSITY OF IOWA 


Dr. Van Aten. Professor Rossi’s remarks serve as a very good 
foundation for my subject. We are likewise interested in the geo- 
( y, Sud) oor 
physical and astrophysical aspects of cosmic radiation. 


1 Born September 7, 1914, at Mount Pleasant, Iowa. Married, 1945: four children. 

Edueational: Bachelor of science from Iowa Wesleyan College 1935 in physics; master 
of science from State University of Iowa 1936 in physics; doctor of philosophy from State 
University of Iowa 1939 in physics; doctor of science (honorary), Iowa Wesleyan College, 
1951 ; doctor of science (honorary), Grinnell College, 1957. 

Professional: Research fellow, Carnegie Institution of Washington (nuclear physics), 
1939-41; physicist, Carnegie Institution of Washington, 1941-42; physicist, Applied 
Physics Laboratory, Johns Hopkins University, 1942; ordnance and gunnery officer, U. 8. 
Navy, 1942-46; supervisor, high altitude research, Applied Physics Laboratory, Johns 
Hopkins University, 1946-50; professor of physics and head of department of physics, State 
University of Iowa, 1951 to present; fellow of Guggenheim Foundation, 1951; research 
associate, Princeton University, 1953-54. 

Memberships: Upper Atmosphere Rocket Research Panel (name recently changed to 
Rocket and Satellite Research Panel), 1946 to present and Chairman since 1947; Inter- 
national Geophysical Year Technical Panel on Cosmic Rays, Rocketry, Aurorea, and the 
Earth Satellite Program, and Chairman of the Working Group on Internal Instrumentation 
of the latter; Physics Advisory Panel of National Science Foundation; Special Committee 
for Space Technology of National Advisory Committee for Aeronautics; fellow, American 
Physical oe ; member, American Geophysical Union. 

Research and publications: In nuclear physics, cosmic rays, atmospheric physics, and the 
use of rockets and satellites in physical research. 
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These aspects form a distinctly different branch of the subject than 
is involved in the study of high-energy interactions. In contrast to 
Professor Rossi’s tendencies, we have been going in the opposite direc- 
tion in the geophysical aspect of cosmic rays. 

His studies have been moving toward the high energy end of the 
cosmic ray spectrum, and our work has gone tow vard the lower ener zy 
end of the spectrum. 

The work that I shall describe is mainly the work of my graduate 
students and of the younger members of our staff. 

My role is more in the nature of being scoutmaster for this work and 
of leading the way without, however, doing, by any means, all of it 
myself. 

The geophysical aspects of cosmic radiation include the following 
topics: First of all, we wish to know of what the cosmic radiation con- 
sists; that is, the primary radiation itself, as it arrived in the vicinity 
of the earth. Secondly, we wish to measure the energy or momentum 
distribution of this radiation. That is to say, we wish to know what 
proportions of the radiation are of different energies. Thirdly, we 
can use the cosmic radiation as a kind of probe or tool for studying the 
geophysical environment of the earth, its magnetic field, and of its 
immediate astronomical environment. 

The astronomical environment which is of importance in the low 
energy of the cosmic-ray spectrum, is mainly that of the solar system. 
The very high energy end of the spectrum essentially ignores the solar 
system. 

The low-energy end of the spectrum is roughly that from 3 billion 
electron volts down. Hence, the region we are studying begins at 
about the highest energy produced by accelerators and w orks toward 
lower energies. 

It is not only the magnetic field of the earth which strongly in- 
fluences the arrival of the rays which are, so far as we know, all 
charged and are therefore influenced or bent by any magnetic field 
through which they pass. 

It is not only the magnetic field of the earth which has a very strong 
influence on the arriv al of these radiations, but it is any magnetic field 
existing in the general astronomical vicinity of the earth. 

The atmosphere of the earth is of course a very tenuous thing at any 
one point. However, if one sums up the whole atmosphere he finds 
that it is equivalent to about 30 feet of water. 

Now, sitting here on the earth and doing experiments on cosmic rays 
here on the earth, we are, so to speak, sitting under a great vat of water 
whose depth is about twice the height of this room. The effects which 
occur there are produced by the dim descendents of the original pri- 
mary radiation. 

During the past 12 years we have been engaged in making high- 
altitude studies in order to surmount this great blanket of atmosphere. 
In this work the vehicles we have used are, first of all, balloons; sec- 
ondly, rockets; and finally, as of last Friday, satellites. 

The work that we are doing at the University of Iowa has been vari- 
ously assisted by the Research Corp., by the Office of Naval Research, 
by the Atomic Ener gy Commission, and most recently by the National 
Academy of Science as part of its International Geophysic: il Year 


program. 
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All of this work has been done, of course, using our own basic uni- 
versity laboratories, shops, libraries, offices, and so forth. 

As a graphic indication of why it is that surmounting the atmos- 
phere is of importance, during roughly the first 30 years of the subject 
of cosmic rays, that is to say from 1912 until about 1942, there were 
various ideas as to what the primary radiation might consist of. 

On the basis of work beginning in about 1942 and continuing since 
World War II, we now know that these ideas were quite wrong. For 
the first 30 years, due to the fact we were working under this great 
bucket of water, we really did not know the true nature of the primary 
cosmic radiation. 


Composition of primary cosmic radiation 
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The first chart (chart 1) I should like to show exhibits our present 
best ideas as to oha the composition of the primary radiation is. 
These results partly due to our own work and partly to that of others 
are now in substantial agreement. 

So far as we can tell now, the whole of the primary radiation does 
consist of charged particles. The major fraction of the radiation 
consists of protons, the nuclei of ordinary hydrogen, moving at 
very high velocity. About 86 percent are protons. About 12 per- 
cent are the nuclei of helium atoms, also completely ionized and mov- 
ing at high velocities. We believe that about 0.4 percent of the pri- 
mary cosmic radiation consists of the nuclei of lithium, beryllium 
and boron, though this determination is still controversial. Finally, 
1.4 percent consists of a distribution of the nuclei of heavier elements. 
Kiements as heavy as iron have been identified in the primary cosmic 
radiation. However, the bulk of this group consists of carbon, nitro- 
gen, and oxygen, the relatively light nuclei. 

A simple way of putting it is that cosmic rays seem to be just 
a little pinch of matter, so to speak. The distribution among the ele- 
ments resembles that of so-called universal matter or a sort of aver- 
age composition of the universe. The resemblance is not complete, 
and there are some very interesting discrepancies, but in a very gross 
way the composition does resemble that of ordinary matter. 

In balloon work we have concentrated on determining the energy 
spectrum of each one of the separate components. I have a bibliography 
[ will submit for the record containing the deails of this ny 
we have now a rather good idea of the spectrum of the primary protons 
which arrive at the top of the earth’s atmosphere and we know rather 
well the spectrum of the helium nuclei. 

The spectra of the heavier components are crudely roughed out but 
there is a good bit to be done in improving our knowledge of the spectra 
of the heavier c omponents. 
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CHART 2. 


Now, let me show the next chart (chart 2). This gives a very simple 
idea of why it is that the measurements we are in the business of making 
must be made on a wide geographical basis. This sketch shows the 
earth and the lines represent the quiet magnetic field around the earth. 
A charged particle approaching either of the poles of the earth along 
one of these lines is relatively little deflected and enters almost with- 
out interference. 

However, a charged particle approaching the earth in the equatorial 
plane is deflected by the magnetic field at right angles to its own mo- 
tion and to the direction of the field so that a particle approaching 
the equatorial plane is bent away. 

If its momentum is sufficiently great it may, in spite of this de- 
flection still reach the earth. However, if its momentum is too low or 
its direction of approach is disadvantageous it will be deflected away 
before reaching the earth. 

Thus, it is necessary in order to study the energy spectrum of any 
given component of the radiation to make measurements on a wide 
geographical basis. The earth is a part of our apparatus. We use 
its magnetic field as a very large and very crude spectrometer. During 
the past several years we have made high altitude measurements 
ranging from Thule, Greenland, which is near the north geomagnetic 
pole, to the Ross Sea off the coast of Antarctica, which is near the 
south geomagnetic pole. 

A sketch of the results of this work is shown inthe charts. In chart 
3 I show how, as one goes up through the atmosphere, the total intensity 
of cosmic rays is found to change. 
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CHART 3. 


I have arranged this plot so that “up” is up. On most plots up is 
to the right. I think this is a rather simpler way to look at it. 

To the right is plotted the total intensity of the radiation. So one 
sees that as he goes progressively upward, the intensity progressively 
increases, has a maximum at altitude of about 15 miles; then di- 
minishes again and then above about 25 miles to at least 160 miles, 
remains substantially the same. 

It is in this region above 25 miles where we feel that we can claim 
that we are in the region of the primary radiation. At any lower 
altitude we have always a complication, an admixture of primary 
radiation and the products of that primary radiation by collision in 
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the atmosphere, so that in the region around 15 miles altitude for 
example, the radiation one is able to study is a mixture of primary 
and secondary radiation. 

I refer not to chart 4. This chart shows how the curve on the pre- 
vious chart varies with latitude. At 90° latitude (near the poles) the 
curve has this form. At an intermediate latitude such as 40°, which 
would be approximately the latitude of Washington, D. C., it would 
be this form. The intensity is less at every altitude than at 90°. Of 
particular interest is the value of intensity above 25 miles altitude. 

Near the equator the intensity is less at every shtituds than it is at 
any other latitude and in particular it is less above the appreciable 
atmosphere. 


LATITUDE 
0° 40° 90° 


25 mi 


Wes ——> 


CHART 4, 
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CHART 5. 


On chart 5 is shown a crude summary of many measurements 
made over a period of about 12 years. The chart shows the way in 
which the intensity above the atmosphere depends upon latitude. At 
the geomagnetic equator which is in the center of the chart the in- 
tensity has its minimum value. At far notherly and far southerly 
latitudes it has its greatest values. 

However, the intensity does not increase progressively as one goes 
north or south, but ceases to increase and has a relative plateau at 
latitudes above and below about 55°. 

This has been a longstanding subject of interest in this field and it 
has been conclusively settled only relatively recently our rockets go 
to sufficiently high altitudes that there is no doubt concerning the 
exclusion of low energy particles which could not reach balloon alti- 
tudes but might conceivably be present. 

You will note I have marked here the year 1953, which was a period 
of relatively slight activity on the sun. 

During 1957 we completed a new survey beginning in August of 
this year and ending in latter November of this year, painting this en- 
tire curve which is shown in red from nearly 90° north to about 80° 
south. The remarkable features about this result are the following: 

First, the intensity near the equator is very nearly unchanged. It 
is almost exactly the same as it was several years ago. 

Near the poles, however, the intensity is now less than 60 percent of 
what it was 4 years ago. The intensities on both ends of the curve, 
both north and south, are almost identical, as one would expect on 
simple model. 

However, we felt that this was worth checking because things are 
not always what they are expected to be. 

Now, the present year of 1957-58 is a period of the maximum solar 
activity—the greatest amount of confusion on the sun which we have 
had for many years. There is a relative maximum about every 11 
years, but this one is an especially strong one. 
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We have now, I think, the certain observational results that the 
activity on the sun has caused a marked decrease in the intensity of 
cosmic rays reaching the earth, and that this decrease is most promi- 
nent among the lower energy particles. 

This is all quite plausible, although it has not let received a de- 

tailed explanation. The reason it is plausible is that the low energy 

particles are more easily deflected by magnetic fields between the sun 
and us; in other words, in our local astronomical environment. It 
seems that this is a gross explanation of why they have been elimi- 
nated from reception on the earth during this present period. 

In the course of the measurements “during 1953 off the coast of 


| Greenland, we encountered a new phenomenon which can be visualized 
in this form (chart 6). 


50mi. 


UP 


25 


INTENSITY 


CHART 6. 
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This again is a chart of the same sort which I have been showing. 
Here is a plot of total intensity as measured, for example, by a simple 
cosmic ray Geiger counter asa function of altitude. Again “vertically 
upward” means upward in altitude. Again we find at lower alti- 
tudes this general form which is characteristic of all the work previ- 
ously; but “then beginning at about a 40-mile altitude this curve of 
intensity shows a very large increase. It goes up in some cases more 
than 100 times as great as the so-called Pfotzer maximum at lower 
altitudes. 

We have been working on this effort for several years and have been 
giving a good bit of our attention to this. We have found that this 
phenomenon of the sharp rise is confined to the auroral zones, those 
zones around the earth, both around the northern end and the south- 
ern end, in which the northern and southern lights most commonly 
occur. 

The radiation has been identified as being soft X-radiation. We 
are in the process of studying its energy distribution, its intensity 
and its relationship to other observable aspects of the aurora. 

As some of you may have seen last night we had a gorgeous aurora. 
I was able to view it from the window of the plane between Chicago 
and Washington. This is the sort of phenomenon which we are now 
studying by placing our apparatus, using rockets as trucks or wheel 
barrows so to speak, to carry our apparatus to where these phenomena 
are actually occurring. 

I might remark th: it all of the experiments we have been doing are 
of the sort which any high-school student could do and in fact many 
high-school students : are doing g, except for getting the apparatus in the 
proper position in space. The principal difficulty and the principal 
purpose of the experimental work is to put the apparatus in the 
right place, both in latitude, longitude, and altitude. 

Now, I think since I am the principal one preventing people from 
eating, I might make some reduction in what I have intended to say. 

Senator HickENLoorer. Incidentally, do you have any formalized 
statement, Dr. Van Allen? 

Dr. Van Auten. I have a partial one. This past week has been 
a very busy one and I have gotten behind in my homework. But I 
will be glad to submit one. 

Senator Hickentoorer. We will be glad to put into the record any 
formal statement that you have just as we will for the other gentle- 
men who have testified. 

Dr. Van Auten. Thank you, sir. 

At the present time a group of our students are in Fort Churchill, 
Manitoba, Canada. They are busy studying this phenomenon using 
rockets. Next summer we plan to return to Churchill again with a 
combination of balloons and small rockets and conduct what we call 
“pushbutton warfare” on this phenomenon. Aurorae come and go and 
the idea of these experiments is to fly balloons which will remain at 
altitudes for quite long periods, for example 36 hours at about 110,000 
feet. These will serve as monitors as to what is going on at those 
altitudes. Then when anything of interest is going on, we will be 
standing by with small rockets which we will fire right into the 
auroral display itself. In this way we hope to obtain a ind of com- 


prehensive package of observations about the nature of the radiation 
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in aurora which in spite of the very great history of the subject is 
still quite unknown. 
One other topic I will mention very briefly: We are investigating 
by long duration balloon flights the temporal variation of cosmic-ray 
intensity. 

We were fortunate enough about 2 years ago to make a flight dur- 
ing the great solar flare of the 23d of February 1956. This event was 
not only the most copious source of cosmic rays from the sun ever 
observed, but in addition to that it demonstrates a very intimate con- 
nection between the aurora and the cosmic radiation. 

We believe that further study of the low-energy end of the cosmic- 
ray spectrum, when combined with the auroral studies, will provide a 
great deal of insight into the mechanisms by means of which these 
great energies are obtained. 

At the time I submitted my title we had some fairly respectable 
prospects of having apparatus on board a satellite but only by rather 
good fortune has this actually occurred before the time of the hearings 
today. At the present time we have a single Geiger counter sailing 
around the earth in our first United States satellite. In fact, it is 
traveling about 500,000 miles per day. It occurred to me last night 
that members of our committee have traveled almost that far in the 
last 3 years trying to persuade our Government to help accomplish 
this. 

The idea of the satellite experiment is the following: Again, it is : 
very elementary experiment in terms of apparatus and, in contrast 
to the work of Professor Alvarez, for example, we throw all our ap- 
paratus away. We make it and shoot it. We sweep out the laboratory 
about once every 3 months and start all over again. The satellite 
apparatus is of that sort. 
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The path of the satellite, as you all know, is something of the sort 
shown in chart 7. If we plot its projection on the earth as it goes 
around and around as the earth turns underneath it, we trace a se- 
quence of paths like those shown. So in a sufficient length of time 
we paint out a full stripe from 34° N. to 34° S. Ideally, at every 
point of its travel we measure what counting rate of the counter is 
and have what the total cosmic ray intensity is. So the overall effect 
of this work should be, and is apparently going to be, a detailed chart 
of what the cosmic ray intensity is over “this vast region above the 

earth from about 220 miles altitude to 1,600 miles altitude and over a 
band of latitudes ranging from roughly the latitude of Oklahoma City 
to Buenos Aires in Argentina. That is approximately the stripe we 
are covering. 

Out of this work we hope to make a detailed chart. That is the 
immediate objective of the work, to prepare this chart of intensity as 
a function of position in space both as to altitude and as to geographi- 
cal longitude and altitude. 

When we complete this chart, we hope to submit it to scrutiny and 
interpretation along the following lines: 

In the first place, there is no doubt that the magnetic field of the 

earth has a very strong influence on the arrival of charged particles 
at the top of the atmosphere. So it will likely be that dominant fea- 
tures of this chart will be those caused by the magnetic field of the 
earth. 

In the second place, it has already been indicated by some very 
pretty experiments, particularly by Professor Simpson at Chicago, 
that this is by no means the whole story and it does appear quite likely 
that we will obtain some new ideas about the general astronomical 
vicinity of the earth, by the way in which this chart departs from what 
would be expected from the earth’s magnetic field alone. 

Thirdly, from determining how the intensity varies with altitude 
we have a method for studyi ing the energy spectrum of the primary 
cosmic rays in a new way and other effects. may be discovered. 

There is a great deal of theory required for the proper interpreta- 
tion of this experiment and Mr. Kasper, at our laboratory, spent a 
good part of the summer using a big computing machine at the General 
Motors Technical Center working out the detailed theory which is 
required for the proper understanding of these observations. In 
about 10 hours of computer work, he has produced a comprehensive 
theory which supplants about 50 years of work by workers in this field 
previously. 

The particular thing of interest is to study the way in which the 
intensity depends upon distance above the earth and how one may go 
about interpreting those observations. 

Representative Houtrretp. Does the knowledge of this type affect 
weather conditions or enable us to predict weather conditions? 

Dr. Van Auten. No, sir. So far as we know it has no direct bear- 
ing on the weather. The total energy received from cosmic rays is 
comparable to that received from starlight. So far as we know cosmic 

rays have no measurable influence upon weather. 

However, these observations are closely related to geomagnetic 
storms—in contrast to rainstorms—and fluctuations in the ionosphere 
and this is the second major purpose of this experiment, to determine 
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the connection between fluctuations in our received intensity and 
associated geophysical fluctuations of other sorts. 

So, for the first time, we will have a continuous monitor working, we 
hope, until early April this year, surveying the intensity above the 
atmosphere before the radiation is absorbed and modified by the at- 
mosphere, a continuous monitor at high altitude whose results we will 
then correlate with other geophysical phenomena, for example, very 
great storms of the sun. 

Of course, one of our greatest hopes is that a major outburst of solar 
activity occurs during February or March. We have a respectable 
chance of that happening. 

Let me finally show one plot of how the data come in to us. As 
you know, the information 1s transmitted by a very low power radio 
transmitter. We have established, during the IGY, observing stations 
in a network all around the world, including, for example, a recent one 
just established at Nigeria, on at Singapore, one in Australia, several 
in the United States, and a string of stations along the east coast of the 
United States and the west cost of South America. As the satellite 
flies over each one of these stations, we receive a signal of brief dura- 
tion—typically a few minutes. Thus we build up, piece by piece, this 
chart I was speaking of, a worldwide chart. At the present moment 
we are rapidly accumulating data. 

Here is a diagram of one of the original records (chart 8) : 








CHART 8. 


We have these by the dozen now, and are in the process of boiling 
all these down and making our total chart. 


This is a very short fragment. This pass was one over Pasadena 
and contains about 2 minutes of data. 

The only channel of interest is the upper one. This is the counting 
rate of our Geiger counter as it flew along for about a 2-minute period. 
Each time it moves it corresponds to the reception of 16 counts, 16 
particles having passed through our counter. Then after the next 16 
it snaps back up and continues to go up and down. It is counting the 
number of particles passing through the Geiger tube. 

At the ahaa time I am unable to give you any comprehensive 
survey of how this is turning out. It does appear that the apparatus 
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is working beautifully. We are getting data now flowing in from 
stations all over the world. P erhaps in another 2 or 3 months we will 
have them boiled down sufficiently to make the first preliminary chart 
of the sort I mentioned. 

Representative Horirretp. Will your sending apparatus from the 
Explorer last until April ? 

Dr. Van ALLEN. Yes; we expect so. We have two transmitters on 
board. The higher pow ered one of these is batteried for about 2 weeks 
and will likely ‘be dead by about the end of this week. 

The lower powered transmitter should work for about 2 months. So 
unless it gets too hot or too cold, which is a possibility, or fails for other 
reasons, it will keep working until early in April. However, there are 
vast areas over the Pacific, for example, in which there are no stations. 

So the next experiment is one which will include a small magnetic 
tape recorder similar in principle to a household tape recorder which 
is arranged so that it will record every count that occurs for an 
entire orbit and then be in a position of readiness to deliver that 
information back to a receiving station upon command. 

The scheme will be that as the bird passed overhead, say over the 
Santiago station, we will command it to tell us what has ‘happened for 
the last 2 hours. If things all work properly, we will receive in about 
a 6-second period the entire record that has been accumulated on the 
ace man trip around the earth. In this way we should be able to 
muild up a complete chart at every point in space which has been 
passed through by the apparatus. 

Representative Ho.trietp. Are we sharing such information as we 
obtain with the Soviet Union and the other members of the Geophysi- 
cal Year group? 

Dr. Van Auten. Yes, sir; we have published already the code, the 
detailed description of the code which we are using to transmit the 
information by the radio telemetering set. Anyone in the world who 
cares to read this paper, and it is a public document, can listen to 
the signal himself and learn what is going on. 

Representative Howrey. There ‘has been a dearth of information 
from the Soviet Union. 

Dr. Van ALLEN. Yes, sir. We have received no genuine scientific 
information from their sputnik experiments as yet. 

Representative Horirmeip. Do you think they have? 

Dr. Van Auten. That I do not know. I may say we have been 
trying both through official channels and recently I have been trying 
by means of priv ate letters to learn what the results have been. 

I think, in fairness, however, we should say that it may take them, 
as it does us, several months to really reduce their data so that they 
themselves know what they have. 

So I should not like to take this as being a refusal to transmit data 
but perhaps only a period of preparation required to prepare it prop- 
erly. That I donot know. 

Representative Horirreip. Then any information you are releasing 
is information which you have received but which you have not 
evaluated ¢ 
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Dr. Van Auten. Well, we do not propose to release or publish any 
information until we are satisfied first of all of its validity and, 
second, that it makes sense to us. That, I think, will be at least 
several months yet. 

Representative Horirtetp. | want to ask you one more question 
unrelated to this particularly, that was in regard to the effect of cosmic 
rays upon the human being outside of the earth’s atmosphere. Is 
there any indication as to what that will be? 

Dr. Van Auten. I think that subject has been much overemphasized 
asamatter of concern. The general intensity of the radiation has been 
known for a good many years and a number of us have written on this 
subject. I think insofar as the general radiation level or the general 
exposure level, there is nothing to be concerned about. 

There is one residual] topic which is not quite clear either way, and 
that is the possible effect of the heavy nuclei, this 1.4 percent I men- 
tioned. It may be that th ere will be some specific deleterious effect 
from the heavy nuclei. This question, I think, can be well attacked 
with balloon flights of animals and of persons, and does not require 
space flight to settle. 

Chairman Durnam. Doctor, can you submit those two charts for the 
record 4 

Dr. Van Atuen. Yes, sir; I will make them a bit better. 

Chairman Duruam. I mean the two there. 

Dr. Van AtiEeN. Yes, sir. 

Chairman Durnam. And any other charts that you have. Thank 
you very much, Doctor. It was a very interesting discussion. 

Our subcommittee will reconvene in this room on Thursd: ay morn- 
ing at 10 o'clock for further discussion on high-energy acceler: ators 
and fusion. A session will be held Friday morning to review the 
basic-research program. 

Thank you very much. 

The committee is adjourned until Thursday at 10 o’clock. 

(Whereupon, at 1:20 p. m., Tuesday, February 11, 1958, the hearing 
was adjourned until 10 a. m., Thursday, February 13, 1958.) 
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THURSDAY, FEBRUARY 13, 1958 


CoNnGREsS OF THE UNITED STATES, 
SUBCOMMITTEE ON RESEARCH AND 
DEVELOPMENT OF THE JOINT 
Commitree on Atomic Enerey, 
Washington, D. C. 

The subcommittee met at 10 a. m., pursuant to recess, in room 457, 
Senate Office Building, Hon. Melvin Price (Illinois) presiding. 

Present: Senators Anderson, Pastore, Hickenlooper, Dworshak; 
Representatives Price and Hosmer. 

resent also: James T. Ramey, executive director, George E. 
Brown, Jr., professional staff member, and Richard Smith. 

Senator Anperson (presiding). The committee will be in order. 
This is the eighth day of public hearings by the Research and Devel- 
opment Subcommittee on the basic research program as it relates to 
the atomic-energy field. 

This morning we are privileged to have with us outstanding scien- 
tists from several of our universities who are engaged in research on 
computers and high-energy accelerators. 

The first speaker will be Prof. Nicholas Metropolis, of the Univer- 
sity of Chicago, where he is director of the Institute for Computer 
Research. He has been associated with the atomic-energy program 
since the early days of the Manhattan project, starting at the metal- 
lurgical laboratory at the University of Chicago, and spent most of 
his time since 1943 at Los Alamos. 

He will talk to us about the use of computers in the university’s 
research activity. 


STATEMENT OF DR. NICHOLAS C. METROPOLIS,’ UNIVERSITY OF 
CHICAGO 


Dr. Merrorouts. A well-integrated computer laboratory in a uni- 
versity has four principal activities, which may be briefly described 
as: (1) The straightforward computing facility as a research too) 
for other disciplines; (2) exploring and exploiting this new scien- 


1 Birth: Chicago, Il., June 11, 1915. Married Patricia J. Hendrix, October 15, 1955; 
daughter, Katharine, born February 26, 1957. 

Education: University of Chicago, doctor of philosophy in physics, 1941. 

Experience: 1941, research associate with Prof. James Franck, University of Chicago; 
1942, Manhattan project, Columbia University, under Prof. H. C. Urey; 1942-43, met- 
allurgical laboratory, University of Chicago, with Prof. E. Teller; 1943-46, Los Alamos 
Scientific Laboratory ; 1946-47, assistant professor in the department of physics and 
Institute for Nuclear Studies, University of Chicago; 1948-57, Los Alamos Scientific 
Laboratory (MANIAC I and MANIAC II computers) ; 1957, professor in the department 
of physics and the Fermi Institute and director of the new Institute for Computer Re- 
seareh, University of Chicago. 
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tific discipline in research; (3) continued studies in logical design 
and development of improved computers; finally, (4) training ‘of 
students in all of the above areas. 

The first remark is that these activities are not disjointed; indeed, 
it is very essential that there be a strong interaction between all four. 
Such overall feedback guides progress along the geodesic. This point 
is made because it is sometimes assumed that a university’s interest 
ends with the acquisition of a computing service. 

Let us consider very briefly the first activity of straightforward 
computing. 

A common manifestation, especially around the laboratory, is con- 
nected with the calibration of experimental equipment and with the 
evaluation of experimental results. Often it is a question of pro- 
ducing numerical tables of various functions. 

For example, a table of atomic m: asses has proved useful. A final 
example may be cited as the numerical computation involved in the 
analysis of X-ray photographs of ery ary als, 

The main point is that, even where the principles are known, there 
may remain much laborious calculating. It may also be remarked 
that the advent of computers in the modern sense has encouraged 
research to penetrate areas which heretofore have been sidetracked 
because of calculational impedimenta. 

Part IT is concerned with the domain of experimental mathematics. 
Here, the principles are either unknown or else too involved to be 
attacked by what mathematicians describe as analytical methods. 
The problem of interest may be a very complic oe one, and the 
nature of the interactions of the various factors may not be clearly 
understood. The only recourse is to proceed by numerical examples, 
using the methods of the so-called Monte Carlo approach. Here, one 
sets up a mathematical model that attempts to mimic at every stage 
the process being studied. 

In this picture, one follows a sequence of events. At each point of 
the sequence, a decision has to be made as to which of several possible 
paths is to be followed. It is here that the laws of nature in statis- 
tical form are applied. 

Why do I say this? The various possibilities may not have equal 
chance, and one must choose from them in accordance with the dic- 
tates of the physical law governing that particular process. In this 
manner one obtains a single case history. From a large sample of 
such case histories one expects to obtain a representative distribu- 
tion of possibilities which will reflect the actual behavior of the system 
being studied. 

It is a fact that computers are able to take advantage of this power- 
ful and quite general approach of the Monte Carlo method. Not 
only can the computer be directed to make unbiased decisions, but, 
more import: antly, can decide in a biased manner that describes the 
current knowledge of the corresponding event. 

Let us consider an actual example that may clarify some of the 
above, namely, the problem of the internal nuclear cascades. Imag- 
ine a high- -speed nuclear particle, say a proton or a neutron, pene- 
trating a very heavy nucleus. The nucleus consists of a very dense 
collection of neutrons and protons itself. They, too, are in very rapid 
motion within the confines of this nuclear volume. 
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The first decision is to determine at which point the incoming parti- 
cle penetrates the nucleus. The next thing is to decide how far the 
particle actually travels within the nucleus before colliding with one 
of the nuclear particles. This probability depends, among other 
things, on the speed of the incoming particle. 

Once the site of the collision has been established, one must deter- 
mine whether it is a neutron or a proton that is struck, and how it 
was moving at the time of the collision. 

The nature of the collision is then ascertained again by an appeal 
to known statistical laws. It may happen that some p ions may be 
created in the process. 

The striking and struck particles will then move off in quite differ- 
ent directions. It is then necessary to follow their subsequent his- 
tories. Thus, a cascade of phenomena is initiated and properly 
processed. 

The whole caseade is then started over with a new incoming parti- 
cle giving rise to a new cascade. 

The results of such cascades are then analyzed and compared with 
expe ‘riment. 

(Quite clearly, it is of interest to consider many different types of 
bombarded nuclei as well as a spectrum of incoming energies for a 
variety of bombarding particles. 

Two things are quite apparent: First, a general mathematical treat- 
ment of this many-bodied problem in the classical sense is Just com- 
pletely out of the question with the available technical knowledge; 
second, to gather sufficient meaningful statistics requires the use of 
modern electronic computers. 

In a spirit of this approach one can determine by comparison with 
experiment where the sensitive parts of the calculations lie, together 
with an indication of how they might be modified to improve the 
compar isons. 

It is interesting to note that the Monte Carlo method is of interest 
to all four aspects mentioned at the beginning. The method is so 
useful as a calculational technique in many fields, it raises many in- 
teresting mathematical question is. It dictates in some measure the 
logical design as well as the physical realization of computers. 
Finally, it quite properly is a subject of interest in the training of 
students. 

Part III is concerned with an analysis of the computer’s capability 
to cope with the problems it has been asked to solve. What type of 
problem is especially « easy for it? What type diffeult? And why ¢ 
Is the memory of too small capacity or too slow? What about the 
arithmetic unit or the input-output equipment? Is the vocabulary 
judiciously chosen ? 

These sorts of questions, coupled with taking cognizance of ad- 
vances in electronics or in new developments of components, are of 
interest to the designer of computers. 

To conclude, let us consider an example. As computers have be- 
come more adaptable and faster they have attacked more and more 
complicated problems involving hundreds of thousands of arithmetic 
operations in a single problem. 

The question arises how accurate are these answers that the com- 
puter produces? We are not asking whether the computer has made 
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an error in some step but rather whether a sufficient number of digits 
was available at each step of the calculation. 

The principal danger arises whenever a subtraction of 2 numbers 
takes place, where the 2 entries are very nearly equal in magnitude. 
For example, suppose I consider 2 numbers of the following quality : 
274898, and another number 274843. Assume that I know each of 
these numbers within an accuracy of 1 part in the very last place. 
So that this number could be 274896 plus or minus 1. It might have 
been a 7, it might have been a 5. I know this number with an 
accuracy of about four parts in a million. Similarly for this second 
number. Suppose that in the problem I have been asked to make a 
subtraction. When I do that I find that my difference is 53. So you 
see this number has not nearly the relative accuracy which was avail- 
able in the 2 original numbers, and in fact the accuracy has dropped 
from 4 parts in a million to about 2 parts in a hundred. So there 
has been a very serious loss of accuracy. What is worse is that 
whenever this number would be used in a subsequent part of the 
calculation it would have the effect of deteriorating the accuracy 
of any number with which it interacts, especially in multiplication 
or division. 

In the most advanced existing computers no provision is made 
to call attention to this pitfall. While it is true that now that 
the danger has been noted we can do something about it in the 
programing, this will have the result of increasing very seriously 
the computing time. 

At Chicago we have been quite concerned with this problem and in 
the computer now under construction the accuracy of every number 
at every stage of the calculation will be exhibited automatically. 

I have not left time for part IV. It seems to me that its importance 
is so clear that one need not discuss it here; namely, the training of 
students. Itis just too obvious. 

In conclusion, I should like to convey the idea that although progress 
in modern electronic computers across the last decade may even be 
described as phenomenal, there is much terrain still unexplored both 
on the technical as well as on the mathematical side and the meaningful 
reaction should be one of stimulation rather than of complacency. 

Thank you very much. 

Senator Anperson. Doctor, you say the example you have given 
indicates the possibility of error that runs into 4 parts in a million and 
when you make the subtraction it is 2 parts in a hundred. Is that of 
significant size so that it would render the computer unreliable when 
you are calculating the yield of a bomb, for example? 

I think it is quite surprising that various ingredients are put in 
the bomb and the laboratory computes that it will come out with a yield 
of 2 megatons or 2 kilotons or 50 kilotons or 47 kilotons and the test 
is generally right in that same neighborhood. 

pparently this is no great handicap in calculating yields of fairly 
sizable weapons, is it? Do you not feel that the computations have 
been reasonably accurate ? 

Dr. Merroports. I would say this: In many types of calculations 
one has used the Monte Carlo approach which is not quite so sensitive 
to this kind of a danger. 
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I think, however, that no one who has made these calculations could 
state with certainty what the accuracy is at the end of the calculation. 
It may be that in some problems there is a certain type of stability ; 
that is, if you make a small error in one step of the calculation that 
error tends to be compensated for in the opposite sense a little bit 
later on. So there is some inherent stability. 

I think that no one would make a statement about the accuracy of 
his results, especially in a very long complicated calculation. 

Senator Anperson. At the time the MANIAC computer was built 
there was not anything quite like that in the United States. 

Dr. Merropouis. No. 

Senator Anperson. Now it has been removed as antiquated and 
new equipment is in. Is that because there has been such improve- 
ment in calculating machinery ? 

Dr. Merropouis. Yes, that is true. 

The first computer which was available in 1952 is about 10 times 
slower than the computers which followed 5 years later. As an exam- 
ple of that, you may remember that the MANTAC could multiply 2 
numbers of about 12 decimal digits in something less than one-thou- 
sandth of a second. Now the more modern computers can do that 
in about a fifth of that time, plus the fact that these computers are 
now more flexible. They can do fancier things, so that the overall 
computing time is not 5 but really 10 times faster. 

Representative Price. Doctor, how many universities in the coun- 
try would have computer centers ? 

Dr. Merropotts. Do have computer centers now ? 

Representative Price. Yes. 

Dr. Merropouts. I would say a number like 10 or 12. 

Representative Pricer. Are they a pretty heavy financial responsibil- 
ity for the university ? 

Dr. Merropo.is. I think they are rather serious financial difficulties 
for the university. The university budgets are not often used to such 
large expenditures, except perhaps in the case of the particle accelera- 
tors. 

Representative Price. How many students within a university 
would have access to such a center ? 

Dr. Merropotts. I would say that if you count the students in classes 
it could be as many as 100, plus the fact that the faculty across the 
whole university would be quite interested in the use of these com- 
puters. 

Senator Pastore. Doctor, have we any data as to the activity of 
the Russians in this particular field from which we could draw a 
comparison ? 

Dr. Merrorotis. As far as we know there are in existence three 
computers that the Russians have built. Their best one is called 
BESM. I think that it is of the class of MANIAC or ILIAC or the 
machine at Princeton, namely, the class of machines around 1952. The 
other two computers as far as I know are not of that same quality 
but are of lower quality. 

Senator Pasrore. Then would you say that in your opinion we are 
somewhat advanced in this computer science in comparison to the 
Russians? 
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Dr. Merropouts. As far as the information that we have to date is 
concerned, it appears that we are a little ahead. 

Senator Pasrorr. This is another question I should like to ask you. 
If you think it is rather unfair do not answer it and I will withdraw 
it. I remember Dr. Edward Teller speaking on television one night 
when he made an observation as to what this whole scientific world 
lost in the death of Enrico Fermi. What did we lose in this computer 
science with the death of Von Neumann? 

Dr. Merropouts. I would say what nuclear physics lost in the death 
of Enrico Fermi this whole science of computing lost in the death of 
Von Neumann. It is clear that he was the man who, with his great 
prestige in the mathematical world, taking such an interest in these 
things, had the effect of stimulating many, many others to regard it 
as a very serious discipline. 

Senator Pasrorr. Do you feel that there has been a lack of money 
here in the United States devoted to this basic science or this facet 
of science in the computer field that has deterred the progress in this 
particular area in America ? 

Dr. Merrororts. Yes, I think so. In fact, I have been quite dis- 
appointed to see how slow the infiltration of this new scientific disci- 
pline has been in penetrating within the university. 

Senator Pastore. At what level do you think it originates and at 
what level do you think it can be cured? I mean this laxity that you 
and I are speaking about. 

Dr. Merroports. I think in large part but not completely it is a 
question of financial assistance. 

Senator Pasrorr. You mean to the student in the high-school level 
or college level, or where ? 

Dr. Merrrorotts. I would say in the college level. This discipline 
is of such general applicability that it should be regarded as one of 
the things that a student would learn in the university no matter what 
field of endeavor he is in with very few exceptions. 

Senator Pasrorr. In your experience, would you say that there are 
qualified students who come to the college level from high school who 
might be and would be attracted to this particular field but cannot 
advance that desire and ambition because we do not have the facilities 
and the money to promote it in colleges? 

Dr. Merropouts. I think that is partially true. I think the fact that 
computers are not generally available precludes an opportunity for 
arousing any interest in the student when he gets into the university. 

Senator Pasrorr. You mean one is more or less attached to the 
other ? 

Dr. Metropouts. That is right. 

Senator Dworsuak. Do you think that the Soviets are spending 
more money to stimulate more interest in scientific research and de- 
velopment and they have more people engaged in this endeavor than 
we do in this country ? 

Dr. Merrororts. I do not have any information on that except by 
inference; namely, the fact that they built this BESM computer in- 
| dicates a certain technical skill. 
| Representative Price. Last year a few of us were in Russia and they 
| were constructing a new theoretical physics laboratory which would 

feature a new computer setup. I do not know whether it was to repre- 
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sent an advancement in computers or whether they were just putting 
the BESM computers in new laboratories. 

Dr. Merropro.ts. Forgive me, I did not hear where this was. 

Representative Price. I said last year when we were in Russia, the 
Russians were completing the construction of a new theoretical phy sies 
laboratory. I am not certain whether they were installing new in- 
novations in computers or whether their standard computers were be- 
ing put into new buildings. 

Dr. Merroports. I can remark that they probably are also going into 
this really quite seriously because they were able to export a — 
about 2 years ago to India, which shows that they are at least able to 
do with one less. 

Representative Hosmer. What is the most complete computer 
center that the United States has? 

Dr. Merroporis. I know that there are some aircraft companies 
which have quite a few very modern computers. 

I think in the universities there are some rather good centers of 
computing. One that I think has a well integrated effort is the Uni- 
versity of Illinois. It is one of the oldest and one of the most effec- 
tive. They have built only 1 machine for the university. They had 
earlier built another one which went to the proving grounds at Aber- 
deen and they are now set up to build a “supercomputer” which will 
probably take 3 to 4 years. 

Representative Hosmer. The university itself? 

Dr. Merrorotts. The university itself, that is right. 

Representative Hosmer. Could you just sketch briefly for us the 
various series of computer work ? 

Dr. Mrrropoits. How the computers work ? 

Representative Hosmer. Yes. 

Dr. Merrororts. I would say there is a component of the computer 
called the input-output. This is the mechanism that allows the out- 
side world to communicate with the world of the computer. The 
initial set of numbers and instructions that are to effect the solution 
of the desired problem are written on, let us say, magnetic tape. 
This information is fed into the computer, so that the computer con- 
tains in its storage system, as it is called, the instructions as well as 
the initial set of numbers. 

Representative Hosmer. That is part electronic and part mechanical 
and the second part is all electronic 

Dr. Merrorouts. That is right. In addition to these components 
there is a component called the arithmetic unit. This is the part of 
the machine that will effect the arithmetical operations, namely, addi- 
tion, subtraction, multiplication, division, even square root. Finally, 
there is a part called the control of the computer. This is the part 
that actually does the sequencing of the operations and looks over 
the overall general bookkeeping that is involved. It will dictate that 
the input- output should read further information in. It perhaps 
next indicates that an arithmetical operation is to be performed, etc., 
perhaps finally a print out. That is the so-called nervous system, 
if you like, in poor analogy. 

Representative Price. “Doctor, before you finish, going back to the 
question that Senator Pastore asked you about Dr. Von Neumann’s 
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= would you tell us his principal contribution in this 
e 

Dr. Merropouis. I think there were several and it is hard to say 
which of these was the principal one. 

One is, I think, that his concept of the logical structure of a com- 
puter is one that has been followed for a long time. He gave form 
and meaning to how a computer should be organized. I think it was 
he who first suggested the notion of the binary system as the natural 
one for the computer rather than the conventional decimal system 
that we as mortals use in doing our arithmetic. 

I have the feeling that one of his greatest contributions was the 
fact that he gave so much dignity and prestige to this whole field, 
which up to that time had not been taken quite seriously or its full 
potential appreciated. 

He called attention to this with the result that there was tremendous 
stimulation in the field thereafter. 

Representative Price (presiding). Are there any further questions ? 
If not, thank you very much, Doctor, for a very interesting presenta- 
tion. 

The next witness this morning will be Dr. Robert D. Richtmyer, 
Director of the Atomic Energy Commission’s C omputer and Applied 
Mathematics Center at New York University. 

Dr. Richtmyer’s field is applied mathematics and theoretical physics. 

Before coming to New York University he spent 8 years at the 
Los Alamos Laboratory where he developed much of his experience 
in the use of automatic computing machines. 

Dr. Richtmyer will you tell us something about how these machines 
are used in atomic research. 

Dr. Richtmyer. 


STATEMENT OF DR. ROBERT D. RICHTMYER, NEW YORK 
UNIVERSITY 


Dr. Ricurmyer. Mr. Chairman, gentlemen, among the researches 
that I have been participating in at New York University, at the AEC 
Computing and Applied Mathematics Center there, using the 
UNIV AC and the IBM-704, I think the most suitable for this morn- 
ing’s discussion is the Monte Carlo work we have been doing. The 
aim of this has been to study certain intricate details of nuclear chain 
reactions, especially chain reactions involving slow as well as fast 
neutrons. We wished to improve and further develop the Monte Carlo 
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method itself for these problems and also to learn some things that one 
cannot learn by other methods. 

It was my intention that the written summary of my remarks, which 
is now in your hands, should, among other things, contain a concise 
description of the Monte Carlo method. However, my colleagues at 
New York University tell me that what I have written there is com- 
pletely incomprehensible, so I should like to make a second attempt. 

Senator Pasrorr. You mean to the members of the committee? 

Dr. Ricurmyer. To my colleagues. And I suppose they had in 
mind that it would then be incomprehensible to anyone. 

Senator HickeNLoorer. I suppose it is a safe assumption to say that 
the technical comprehension of the members of the committee will not 
in any event rise hehe than that of your colleagues. 

Senator Anperson. Would you not say that part of the trouble is 
that in the very first line we find the word “stochastic”? There are not 
many people up here, and I do not imagine more than 2 or 3 at the press 
table, who know what it means. 

Dr. Ricurmyer. I had a different word there originally, and one of 
my colleagues persuaded me to change it to “stochastic.” 

Representative Price. What word did you say you had originally ? 

Dr. Ricutmyer. I had a hyphenated word, “chance-controlled.” 

More seriously, I think their chief objection to what I have written 
was really that I failed to explain such things as why one really wants 
to use this Monte Carlo method, what its relation is to other possible 
methods, and how it fits into the general picture of trying to make 
effective utilization of computing machines. So I should really like to 
emphasize some of these more general questions a little bit in my talk, 
especially in view of the fact that Dr. Friedlander, a few days ago, 
and Dr. Metropolis, this morning, told you something about the Monte 
Carlo method. 

Senator ANperson. Why do you call it the “Monte Carlo method”? 
Why not call it the Desert Inn or something? 

Dr. Ricurmyer. That name was coined about 1947 at Los Alamos. 
Owing to the fading of memories, I think, it is impossible to say now 
who coined it. It arose from the obvious analogy with games of chance. 

Before trying to say what the method is, I should like to try to 
give you a little of the background. People have been computing the 
properties of chain reactions and predicting their behavior since 
about 1940 because, after all, this was the central problem of reactor 
theory. Ideally, the way such a calculation goes or should go I can 
indicate by aschematic diagram. 

We start with experimental nuclear data, elementary nuclear data, 
by which I mean data concerning the elementary or individual proc- 
esses that occur in a chain reaction. One man investigates a fission 
process or, more likely, some little detail of a fission process. Some- 
body else investigates some particular kind of neutron scattering and 
soon. If we have enough information of that kind it should be pos- 
sible in principle to tell how a chain reaction will develop. 

So we then feed that information into the mathematical theory of 
chain reactions, whose purpose is really to put together the informa- 
tion you get from here in the right order and with the right sort of 
connection. 
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Then, of course, we have to feed in also some information of an- 
other kind; namely, data on the system or environment of the chain 
reaction. 

Let me just call that environmental data. 

This is information on the sizes and shapes of the parts of a system. 

After all, before you can have a chain reaction you have to have 
a chain reacting system and know what kind of materials are in its 
various parts and so on. These are nonnuclear data. Then out of 
these two, in principle, you get detailed information about the chain 
reaction itself. That is the idealized picture of the process of mathe- 
matical deduction. 

Now, in practice, it does not go that way and never has, for two 
reasons: The first reason is that until quite recently the available data 
were really very fragmentary. These experiments are difficult. One 
has to have a lot of fine detail. So that really information of this sort 
has been incomplete. 

Secondly, a chain reaction is a fairly complicated thing and there- 
fore the mathematical equations that are involved here, the so-called 
transport integro-differential equations, are very complicated and 
there do not even exist methods, analytical or numerical, for solving 
them except in very highly simplified cases. 

So, in practice, one replaces the exact equations by some sort of a 
rough approximation and then out of that, so far, you have really no 
hope of getting any information at all about the chain reaction. So 
one brings in some ‘additional information, more nuclear data, but let 
me say instead of elementary, compound data from experiments in 
which the elementary processes are not cleanly separated but are 
scrambled somehow or other. 

If they are scrambled in a way which is somewhat similar to the 
way in which they will be scrambled in the chain reaction under study, 
then clearly information for this can be of some help. In particular, 
if you have a reactor or other chain reacting system and make some 
measurements on it, then clearly you get some information on chain 
reactions. So one adopts the semiempirical approach of combining 
information of that sort, bringing that in here, and then you have 
some hope of getting some information out; perhaps not complete 
detailed information, but let us say sketchy information. 

It is very much to the credit of the reactor design people, especially 
to the credit of Fermi, to have introduced this semiempirical approach 
and it is to their credit that such successful design work was possible, 
using this semiempirical approach. 

The point of view I want to take today is not that of reactor design 
but the general problem of learning as much as possible about chain 
reactions. 

The situation has changed in one respect in the last few years; 
namely, that we have much more complete experimental data now than 
we used to have, especially as the result of the work of people at 
Brookhaven, Los Alamos, and elsewhere. We really have almost 
complete information here. 

However, the mathematical equations of the exact theory are just 
as difficult as ever and are still beyond the range of existing an- 
alytical or machine methods. 

It was against this sort of background that Ulam and von Neu- 
mann, in 1947, introduced the so called Monte Carlo method, whose 
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main idea was to give up hope of making a mathematical calcula- 
tion in the ordinary sense by mathematical analysis and to replace 
this with straightforward simulation of the chain reaction. 

So we have simulation over here and then we have this alternative 
path from here down to here. 

Obviously we still have to bring in environmental data just as be- 
fore, but this is now taking the place of this. So the idea is to con- 
struct a model of the chain reaction and then study the model be- 

cause it is easier to construct than a reactor, it is easier to change 
after you have it constructed, and it is less likely to explode. 

The model is made up, of course, not of wires, nuts and bolts, but 
of numbers. However, if they are properly interpreted, numbers 
have just as good a chance to represent the reaction as a physical 
model. One’s ability to construct a model that will be really repre- 
sentative of a chain reaction depends, in the first place, on having 
fairly complete information on the elementary processes that take 
place, and it depends, furthermore, on the fact that a chain reaction is 
a stochastic process; that is, even though you know in great detail the 
situation at some instance with respect to one of the neutrons, let us 
say, you cannot tell what is going to happen to that neutron next. <A1- 
most anything can happen. All you can say is that if the same set 
of circumstances recurs a very large number of times, you begin to 
see a pattern emerge in the outcomes. There is a statistical distribut- 
tion or probability distribution of possible outcomes, and it is these 
probability distributions that the experientalists measure. 

Therefore, it is clear that one ought to be able to imitate a chain 
reaction by playing a game of chance with the odds of the individual 
plays rigged in such a way as to imitate the odds in the game of 
chance that the neutrons play. Then when you have such a model 
constructed, you can analyze it in roughly the same way in which 
the experimentalist analyzes a chain reaction in the ‘laboratory, 
namely, by counting, taking averages, and using all the methods of 
statistics, 

Of course, a single play of the game will not tell you very much 
but by the time you have 10,000 independent plays of the game and 
take tally over all of these, then by the long term law of averages, 
the results begin to resemble more and more those in the real reaction. 
In other words, you have a representative sample. That is the basic 
idea. 

My interest in this has been in connection with two specific prob- 
lems and one rather general problem. The one specific problem is 
that of the so-called resonance capture in a chain reacting system. If 
you have a system containing a substance like uranium "238 and con- 
taining slow or intermedi: ite energy neutrons, there is parasitic cap- 
ture in which the neutrons are simply lost to the chain reaction and 
this is obviously of importance from many points of view. This 
capture has never been quantitatively understood, although the mech- 
anism for it was explained by Wigner and his cowor kers in the early 
days of the Manhattan project. 

At NYU we are just approaching the point of being able to say 
whether the existing data on the absorption structure of the uranium 
238 nucleus, which is a very complicated thing, is adequate to ex- 
plain quantitatively the observed parasitic capture in U-238. The 
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best guess, from the results so far, is that the data are almost ade- 
quate to explain the observed capture. 

We may have to look for slight improvement or modification of the 
data or the method to get the last little percent of the observed capture, 
but we feel sure that we will get agreement in the end. 

The second problem is a somewhat similar one. It has to do with 
the thermalization of neutrons and the migration of thermal neutrons 
in a moderating substance. 

For the low energy neutrons there are very complicated effects aris- 
ing from the chemical, crystal, or liquid structure of the material, 
involving quantum mechanical effects, and just how this influences the 
behavior of slow neutrons has also never been exactly quantitatively 
explained, although again the mechanism has been known for a long 
time and part of it was first explained by Fermi in 1936. 

With our Monte Carlo calculations we are now aproaching the 
point—we are not quite so far along in this project—of finding out 
whether certain models of the atomic structure are able to explain 
the observed behavior of slow neutrons. 

The third or general problem that I am interested in is simply the one 
of developing all the techniques so that one will be able to simulate 
a complete chain reaction in a quite general environment, because I 
think this is likely to be of interest, for example, to the reactor design 
people. Ifa man has an idea for improving a reactor and wants to 
try it out, he goes over to the simulator, turns it on and twiddles the 
dials to see what the effect is. Perhaps this is a slightly over-drama- 
tized statement, but that is the sort of direction in which we are 
working. 

At present we are working on one or two of the details toward this 
objective and at the same time we are learning some things about the 
chain reactions themselves. 

If I could take one and a half minutes more I would like to draw some 
general conclusions. 

Representative Price. Please proceed. 

Dr. Ricutmyer. Thank you. 

I would like to begin by making two seemingly contradictory state- 
ments. The first is that the Monte Carlo method is really a quite 
stupid way to use these marvelous computing machines. 

The second statement is that it was a real stroke of genius on the 
part of Ulam and von Neumann to propose this way of using these 
marvelous computing machines. 

In the first statement I am aluding to the fact that the essence of 
the Monte Carlo method is to feed ignorance into the problem at every 
possible point. The use of random variables amounts to confessing 
ignorance. You choose a variable at random, subject only to the fact 
that your mechanism of choice should be subject to certain odds, and 
this is equivalent to disavowing any knowledge of what the true situa- 
| tion is. I think every person who has worked in this field has felt 
| very strongly that there ought to be other alternatives to the com- 
| plete mathematical deduction than this one of deliberately inserting 
| ignorance into the problem whenever possible. One feels that there 
| should be many alternative paths between these two, to get from here 
to here. Maybe some of these alternative paths would be much more 
successful] and effective than either of the ones we have now. This is 
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a situation that I think is not unique to chain reaction studies. It is 
not unique to Monte Carlo. I believe it is the case in every serious ap- 
plication of these computers that I know of. One has the feeling that 
there must exist much better methods than we have now. 

The methods we use now are somewhat brute-force methods. 

It is my opinion that the development of computers themselves has 
far outdistanced the mathematical development of computing methods 
to make use of them. 

Senator Pasrore. Will you make the last statement again ? 

Dr. Ricurmyer. It is my opinion that the development of comput- 
ing machines has far outdistances the mathematical development of 
computing methods for using these machines. 

Senator Hickentoorer. You mean the data that goes into them? 

Dr. Ricurmyer. Yes. The set of instructions we feed into the 
machine: of course, the machine does not think for itself; we have 
to tell it what we do. It can only do what we tell it. 

If we feed in methods that are crude and primitive, then the ma- 
chine’s inherent capabilities are not really being made full use of. 

Senator Hicken Looper. In other words, the machine can do more 
than the present ability to feed the information into the machine 
with accuracy ¢ 

Dr. Ricutmyer. That is my opinion. These machines are inher- 
ently capable of doing all sorts of wonderful things that we have not 
even dreamed about yet. I have reference to even the existing ma- 
chines. Therefore, I think it is very important to draw people into 
the field of the mathematical development of computing methods. 
That is moral No. 1. 

The second moral comes from my second statement. The Monte 
Carlo method is remarkable for the elegant simplicity of the basic 
notion. In fact, in retrospect it seems, if not obvious, at least a very 
natural thing. On the other hand, it took two of the outstanding 
mathematicians in the world to think of it. 

So my second moral is that if you want to draw in people in this 
business for the development of computing methods it is important 
that one draws in the very best people. 

I think with those two morals I will finish. 

Representative Price. Doctor, would it be fair to say that the 
nuclear reaction studies that you do on the computers save a great 
deal of money that otherwise would have to go into hardware 
experiments? 

Dr. Ricnrmyrr. I think, to be completely honest, I should probably 

say that the particular researches I have described are not saving 
any money so far as the development of today’s or tomorrow’s re- 
actors are concerned. But, of course, one believes that every bit of 
knowledge is going to be useful eventually, and designing reactors 
is getting to be more and more a touchy thing , especially if; you want 
to design things like breeders, where some of the details of the chain 
reaction are quite critical. 

I believe that these things will actually pay off in money in reactor 
design eventually. 

We at NYU are approaching them now really as more or less 
basic research. Of course, the computer at the major reactor sites 
have already saved lots of money that would otherwise have to go 
into hardware experiments. 
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Senator Hickentoorrr. Dr. Richtmyer, to give you an illustration 
of the question I am trying to raise, 1 have some conception of putting 
chunks of meat in one end of the meat grinder and getting hamburger 
out of the other. Perhaps I have some conception ‘of punching num- 
bers on an adding machine and how the wheels go around that give 
you an answe at the bottom. Can you be a little more specific and 
illustrate ai is the information you feed in? Do you feed num- 
bers? Do you feed mathematical equations? What do you feed into 
this machine? Obviously you do not talk to it; you have to put 
something into it. 

What is the nature and type, roughly, of that information that you 
feed in at one point with the expectation of receiving an answer based 
on that information at another point‘ 

Dr. Ricurmyer. The information that you feed in consists of two 
parts. There are the numbers, input data, such as nuclear data, de- 
sign data, perhaps even tables of functions, like logarithms and what 
not that you might feed. 

Senator Hickentoorer. That is what I am trying to get at. Do you 
attempt to resolve the basic pillars of this thing into numbers or equa- 
tions or something of that kind in the machine which in turn will then 
translate and relate those to each oher through some complicated proc- 
ess which I frankly have no conception of, and that will then give you 
the answer? Is it something of that kind? 

Dr. Ricurmyrr. Yes. After feeding in the data the second thing 
you have to feed in is a set of instructions, as we call it, or a program, 
which in essence does amount to feeding in the equations. 

Senator Hickrn.oorer. You do not feed words into it. You feed 
in formula that mean something, whether they are equations or other- 
wise ? 

Dr. Ricurmyrr. You feed in what are in effect words although in 
some machines they are expressed completely in terms of numbers. 
They are translated into numbers by a special key that the operator 
knows. In some machines you actually feed in letters as well as num- 
bers. In some machines the input devices are such that they translate 
for you. 

Senator HickeniLoorer. When you feed in a letter, that means some- 
thing? 

Dr. Ricurmyer. In the UNIVAG, “A” stands for “add,” “S” for 
“subtract,” “D” for “divide,” and “M” for “multiply.” 

Senator Pasrorr May I paraphrase Senator Hickenlooper in this 
way: Where w ould we be in basic research and otherwise in this field 
if we did not have the machine? 

Dr. Ricurmyer. Referring specifically now to what? 

Senator Pasrore. Here we are discussing the importance of these 
machines, their capabilities, their potentialiti ies, and the improvement 
of them in order to better promote the whole field of basic research. 
My question is this: Where would we have been if we did not have the 
machine? In other words, I am trying to point up the importance of 
having the machine and improving the machine; not so much what 
they do but what they do as related to how much has it meant to us 
because of their capability and potentiality and the improvement of 
them. I am trying to reduce this to the simplest terms possible. 
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What have these computers meant in the whole field of development 
and research in the atomic energy field? Have we gotten there faster? 
Would we have gotten there at “all? What do they mean in the whole 
evolution of this atomic field ¢ 

Dr. Ricurmyer. It seems to me perfectly clear that we have gotten 
there faster and that we have done better than we could have without 
them. 

However, in a way I think it is a little difficult to disentangle the 
role played by computers from the over-all picture. 

A conputer is, after all, a research tool. We could have gotten along 
without slide rules and desk machines. The better tools you have 
the better work you can do. The computers played a vital role in the 
work of Los Alamos, especially, and they are playing an important role, 
although possibly not such a vital and essential one, in the reactor 
development work. 

Senator Hickentoorer. Doctor, we read these stories that you 
can take some of these computers and accomplish in minutes an 
answer that would take thousands and thousands of man-hours if 
they sat down with a pencil and paper and attempted to go through 
all the computations. It seems to me that would be a saving of fan- 
tastic amounts of man-hours and efforts in arriving at a conclusion 
that something will work or it will not work. 

Dr. Ricurayer. Yes. The Monte Carlo method makes use of that 
feature of computers because you want to do the same thing over and 
over again a large number of times. One play of the game is no 
good. You have to have 10,000. Doing this by hand, it would 
take weeks. The machine does it in minutes. 

Senator Hickentoorrer. The Monte Carlo method, as I understand 
it, is examining probabilities based on unverified original data in 
many cases. You take assumptions and put them in the machine 
and see what comes out. By the law of probability eventually you 
arrive at a closer and closer answer to the matter. 

There are machines where you can feed in exact data and find 
answers that are quite reliable and at a tremendous saving of time, is 
that not true, which are not necessarily the Monte Carlo method of 
approach ? 

Dr. Rictrrarver. Yes. I think the distinction is not what machine 
you use but whether you follow this path or this path; this one just 
proves to be impossibly difficult unless you make drastic simplifying 
assumptions. It is simply an alternative way of using the same kind 
of tool. It is forced upon one because of the diffic ulty of the mathe- 
matics. 

Senator Pastore. It is hard at least to imagine that we would have 
progressed as far as we have with as many ‘people as we have with 
such expedition unless we had these machines. That is the point we 
are trying to demonstrate here. 

Is the investment we made in these machines thus far and the future 
investment we will have to make in these machines showing progress 
in basic research in this field ? 

Dr. Ricurrmyer. Yes. I believe the machines will be of even more 
value in the future than they have been in the past. 

Senator Hickentoorrr. Let me ask you one more question, Doctor. 
By the use of this Monte Carlo method in which unknowns or specu- 
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lative factors or data or assumptions are put into the machine, does 
that help you from time to time in the future to come closer to pro- 
viding data which you feed originally for future answers? I do 
not know whether I make myself clear or not. In other words, you 
start out with speculative data and say, “We will try this out on a 
probability basis and we will make certain assumptions. We do not 
know whether they are true or not but we will feed those assumptions 
into the machine.” From time to time can you correct those assump- 
tions closer and closer to the truth so that what you feed into the 
machine become more accurate all the time and therefore give you a 
more accurate answer in repeated use of the machine, based upon 
the experience in the past in that machine ? 

Dr. Ricurmyer. Yes. In fact, one approach that has been fol- 
lowed occasionally—some of the W estinghouse people in their reactor 
work have done this—from one of these Monte Carlo operations that 
goes this way, they get certain information on effective group con- 
stants for their idloubaion, which is one of the approximations be- 
longing in this box, and feed that in as though it had come from the 
compound physical experiment, feed it in here and get an improved 
answer from the analytical methods. 

That is perhaps an example. 

Representative Price. Doctor, do you think one of these computers 
will develop a system to beat the wheel at Monte Carlo? 

Dr. Ricutmyer. I wish I knew. Could that not have been the 
reason for the selection of the name? Was someone not trying to 
accomplish that ? 

Representative Price. Are there any further questions? If not, 
thank you very much, Doctor. 

Now we would like to hear something about the advance accelerator 
work which is being done under the sponsorship of the Atomic Energy 
Commission. 

The first speaker on that will be Dr. George K. Green, of the Brook- 
haven National Laboratory. 

Dr. Green is a graduate of the University of Illinois. He was asso- 
ciated with the National Defense Research Committee during World 
War II and worked in the field of proximity fuses and radio counter- 
measures. 

Since 1947 he has been a senior physicist at Brookhaven, during 
which time he has been associated with the design and construction 
of the cosmotron. 

He is now in charge of the design and construction of the alternating 
gradient synchrotron. 


Dr. Green. 
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STATEMENT OF DR. GEORGE K. GREEN,’ BROOKHAVEN NATIONAL 
LABORATORY 


Dr. Green. Mr. Chairman, gentlemen, particle accelerators really 
started when the 400,000-volt machine was built at Cambridge Uni- 
versity in 1931. In this machine they did the first laboratory-con- 
trolled disintegration of an atomic nucleus. It was a great event. 

Representative Price. Who worked on the machine? 

Dr. Green. Sir John Cockcroft and E. T. S. Walton built this. 
Interestingly, the glass cylinders in the machine were these glass cylin- 
ders that used to be used in the top of gasoline pumps. I think they 
probably spent about five or six hundred dollars worth of cash money 
in getting that thing running. 

The disintegration of the nucleus was a very interesting thing and 
so physicists immediately began wanting more energy and demanding 
machines that would give more energy. That demand has been going 
on ever since. 

Right at this point, a very important thing was done in particle 
accelerators. First, if you want to accelerate particles by the direct 
method, such as the Cockcroft-Walton or the Van de Graaff generator, 
you must generate and hold an electrical voltage equal to the energy 
of the particles. If one wants a million volts, he has to generate it 
and hold it. 

The Van de Graaff generator at a million volts at the edge of Rock 
Creek Park here is an illustration of that. 

Representative Price. When was this developed ? 

Dr. Green. That was built in 1933 or 1934. 

Representative Price. As you go along, will you mention these by 
date for the purpose of the record ¢ 

Dr. Green. Yes. This little machine, incidentally, is still running 
out there along the park, and still producing nuclear physics. Obvi- 
ously, if you want to go to millions of volts, the problem of generat- 
ing an electrical voltage and holding it just becomes impossible. 

First in the cyclotron, and then later, the idea was used of using 
many successive accelerations. For example, if you want a million 
volts on a particle, you can accelerate it 100 times with 10,000 volts 
and you will end up with a particle going just as fast as if you did it 
once with a million volts. The Van de Graaff finally got, up until 
recently, 1955, 10 million volts. That is an enormous feat of generat- 
ing and holding 10 million volts. The sparks you can get off that 
are fabulous. 


1Born 1911 in St. David, Ill. He attended elementary and high schools in western 
Illinois, obtained bachelor of science in physics from University of Illinois in 1983. Grad- 
uate work in physics at the University of Illinois, received doctor of philosophy in 1937. 
Thesis work involved construction and operation of a million-volt cyclotron and its use 
for research in nuclear physics. 

National research fellow, 1938-39 at University of California Radiation Laboratory ; 
work on cyclotrons, scattering of protons, and uranium fission. Department of terrestrial 
magnetism, Carnegie Institution of Washington, 1939-42; design and construction of 
60-inch cyclotron, early NDRC work. 

United States Army Signal Corps, active duty 1942-46 in Office of Chief Signal Officer 
and Signal Corps Engineering Laboratories; proximity fuses, radio countermeasures, and 
various special projects. Civilian physicist in Signal Corps Engineering Laboratories, 
1946-47 ; supervised Signal Corps group at Bikini tests. Brookhaven National Laboratory, 
senior physicist 1947 to present time. Associated with design and construction of cos- 
motron, now in charge of design and construction of AGS. 
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The cyclotron, with its successive acceleration, is increased in 
energy until it reached perhaps 20 million volts. At that point the 
conventional cyclotron gets into difficulty. The particles get heavier 
as you increase their energy; they get out of step with this successive 
accelerating voltage, and the conventional cyclotron begine to flatten 
off and is no longer practical. 

The betatron which Kerst first put in in 1940, using electrons, 
helped a little bit. It flattens around a few hundred million volts for 
other reasons. The physicists began to realize that energies in the 
tens of millions of volts were not adequate for a complete exploration 
of the nucleus. Energies up in the hundreds of millions of volts were 
going to be necessary. 

Just after the war, MacMillan in this country and Veksler in 
Russia, independently, got the idea of phase stability. If you design 
a machine properly and you run it with moderately good accuracy. 
these particles will — ally stay in step with your alternating 
accelerating voltage. So, by taking advantage of this principle of 
phase st: ability, one can fail these things going on up and, in the 
frequency-modulated cyclotron, where you frequently modulate in 
order to use this automatic stability of the process, the energy can be 
increased way above energies possible with the old cyclotrons. 


PARTICLE ACCELERATOR DEVELOPMENT 
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You will notice I plotted this chart (fig. 1) on a logarithmic scale. 
It goes up a factor of 10 every mark. The FM cyclotron in Berkeley 
came in in 1946, the Russian one coming in in 1950, the rebuilt 
Berkeley machine at higher energy came in this year. The FM cyclo- 
tron, in principle, can get up in billions of volts, and somewhere in 
this late 1940 region we began to want billions of volts. The mesons 
were found in the cosmic rays. The FM cyclotron, when running, 
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began to make mesons itself, and then the cosmic-ray people found 
these peculiar things known as V particles and dog- he particles in 
the shape of the tracks the *y made in the cloud chamber. So, we began 
to think in terms of billions of volts of energy which would be re- 
quired to investigate these peculiar particles that were showing up. 

Senator Anperson. When did MacMillan and Veksler start their 
work. 

Dr. Green. That phase stability was invented in 1945 quite inde- 
pendently and published independently by the two of them. The 
Berkeley cyclotron, quite interestingly enough, a 184-inch one, was 
built on a sort of speculation by a group of people who had the nerve 
to do it. 

The idea was that they would cram as much radio frequency into 
that machine as they possibly could, and, if they could just keep 
the thing from sparking, they could probably get up to a hundred 
million volts and maybe they could do better. ‘This was running it 
as a conventional cyclotron. This principle of phase stability broke; 
they converted the radio frequency system in a very simple way, 
made it an FM cyclotron and up she went to 400 million volts. 

Senator Anpverson. I saw MacMillan and Veksler talking the first 
time they met in 1955. 

Dr. Green. Yes; he visited in 1955. 

Senator Anperson. They had an interpreter between them. It was 
quite obvious that neither of them knew certain things. Veksler 
would say something and MacMillan would tell him how ‘he had done 
the same thing. It was a very interesting discussion. It just goes 
to show that science can be universal. 

(For comments on the research activities of Dr. Veksler and other 
Russian scientists, see translations of articles recently published in 
the U.S.5S. R., on p. 707.) 

Dr. Green. It is. As the demand arises, people in various places 
over the face of the earth track in these various directions, and they 
track simultaneously. You will find an idea being invented here 
and there, with no communication. I want to use a really good 
example of that in our place, presently. 

I should remark one thing about the FM cyclotron. That is, as 
you want more and more energy, that magnet gets bigger and bigger 
in diameter. If you thing of a few billion volts with an FM cyclo- 
tron, that magnet is perh: Lips 4 5 or 100 feet in diameter. It would 
take about the quantity of iron you would find in a good-sized fleet of 
battleships. 

Right in the late forties, when we were wanting to build up in the 
billion-volt region, we felt relatively certain th: at no one would give 
us that much iron. So, we had to switch to the synchrotron type 
of accelerator in which the magnet is a ring—it is a big doughnut— 
and you save an awful lot of iron by not filling the hole in the dough- 
nut. The one disadvantage is that it will not emit as many partic cles 
per second as an FM cyclotron. 

On the other hand, the difference between a few thousand tons of 
ivon and a few hundred thousand tons of iron is quite obvious. So, 
in the late forties we began building the proton synchrotrons. 

I was rather startled, ‘after m: king the cosmotron run, reading a 
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French article; it was referred to as the classical synchrotron. It 
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takes so long to build these things that they are almost obsolete by 
the time they are finished. 

Representative Price. What is the machine at Birmingham? 

Dr. Green. That is the synchrotron. The cosmotron got over 2 
billion volts in 1952. In 1953, the Birmingham, England, proton 
synchrotron began running at 1 billion volts. This machine at 
Birmingham was started, before we started on the cosmotron, by a 
very ingenious group of people. It was built with a complete lack of 
funds, with too little staff, by devoted physicists who did almost every- 
thing with their own hands. They managed to get that thing going. 

I think we would have been pleased to have had that gang build the 
biggest voltage first. We got running here, Birmingham came in 
1953. The bevatron at the University of California, 6 billion volts 
began operating in 1954. 

Representative Price. What year was your cosmotron ? 

Dr. Green. Cosmotron in 1952. We got up well over 2 billion 
volts in 1952. Now we are running at three. Bevatron is 6 billion 
volts. Itstarted in 1954. 

The synchrophasotron at the Dubna laboratory began operation 
last fall in 1957. 

Representative Price. Have you had any late information on this 
operation ? 

Dr. Green. Yes. They are still having a lot of trouble with it. 
Generally, these machines take something of the order of a year to 
make them work properly, and they are still going through the year 
of sweat and blood on the synchrophasotron. It is not working at all 
well. The currents are extremely small in it. They do not have a 
research program started on it as of perhaps a month ago that I last 
heard. 

Senator Anprrson. You said we had 2 billion, and now it is making 
3 in this year. 

Dr. Green. Let me remark on that to clarify it. We started the 
cosmotron up and got it up to 2.3 billion volts. To go up to its design 
energy of 3 billion volts, it requires certain corrections. The pressure 
of research on that machine was so great that, although the generators 
were out in the power room, the correcting coils were installed in the 
magnet; it was a year and a half before the experimenters would let 
us a little bit of time to connect these up and make them work to 
push it up to3 billion volts. We sat and ran it at 2.3. 

You often see it referred to as a 2.3-Bev. machine. But the research 
demands were so great that we ran there until we had to fix a bunch of 
stuff up, and we shut down a little while and then pushed it on up, 

Senator Anperson. What I was trying to get to is that you said 
this was a 2.3 Bev. machine in 1952, and you get a 6-Bev. in 1954. 
What is the Russian yield ? 

Dr. Green. I am sorry, 10 billion volts on the synchrophasotron, 
as they call it. They have got it up to 10 billion volts, but with ex- 
tremely low particle intensity outputs. 

Senator Anperson. We have one building that is how big? 
| Dr. Green. Thirty Bev. 
| Representative Price. Then they have one that is being stepped 

up, too. Whoever builds the last one will have the highest energy. 
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Dr. Green. Whoever builds the last one. At the moment, they are 
a few Bev. ahead of us, which is, I think, somewhat immaterial. 
Within probably 3 years we will be running at 25 or 30 Bev. They 
are talking about building a 50- or 60-Bev. machine which they hope 
to bring in in 1963. I put a question mark here, because they have 
not started. 

I hear conflicting stories about whether they really have selected 
the site for it or not. Some say yes, others say no. At any rate, they 
have not started digging for this machine. 

These machines, the AGS at Brookhaven, the PS in Switzerland, 
are well along. 

Senator Pastore. Why are we having so much trouble in stepping 
up the 3 billion from 2.3, when they already have a 10-billion one in 
operation ? 

Dr. Green. No. I say the cosmotron, due to certain technical rea- 
sons which we worked on in our models, requires certain corrections 
to the magnet to go from 2.3 to 3 Bev. We had these corrections all 
designed; the machine operated at 2.3 billion volts; the generators 
were sitting in the power room; the correcting coils were in the magnet, 
and it was a year and a half before the experimenters would let up 
on that machine so that the engineers could connect these things up and 
increase the energy. 

In other words, what I wanted to illustrate there was not that we 
didn’t know how to do it; we were immediately ready to go, but the 
experimental pressure on scheduling was so heavy for the use of that 
machine, the experimenters said, ““The heck with it; let it run at 2.3; 
let us work on it.” They did not even want to give us the 2 weeks 
it took to increase it. The generators were all covered with dust. 
The boys had to clean them out with a vacuum cleaner. 

Senator Anprrson. How long has it been hitting 3 Bev. ? 

Dr. GREEN. Since 1953. 

Representative Price. Does this chart show all the bevatrons and 
cosmotrons that are known to be in existence today ? 

Dr. Green. There is one not on here. There are several being built. 
I did not put linear accelerators on there. I thought Dr. Schiff would 
cover that. The Russians are building a 6- or 7-billion-volt machine 
which should be operating in about 1960. That machine is to serve 
more or less as a model for the larger one they are talking about. 

At the present time the Australians are building in Canberra a 
10-Bev. air core; that is, noniron synchrotron. The magnetic pres- 
sures in such a device are simply fabulous. You get tons per square 
inch on your copper. That Canberra machine would be in the chart 
somewhere below the AGS. 

In this country, a 3-billion-volt proton synchrotron is being built 
at Princeton for completion in a couple of years. A_ 6-billion-volt 
electron synchrotron is being built in Cambridge; again, completion 
in acouple of years. 

Representative Price. Cambridge, England ? 

Dr. Green. No this is Cambridge, United States; MIT-Harvard 
venture. 

Representative Pricer. We should make that distinction. 

Dr. Green. That is right, because this other was Cambridge, Eng- 
land. In Argonne National Laboratory, they are designing a 12-Bev. 
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proton synchrotron which might possibly come in the early sixties. 
I do not know what the exact schedule is at the moment. At the 
present time, the largest particle accelerator being built in the United 
States is the alternating-gradient synchrotron in Brookhaven, and we 
hope to get that put together by the first part of 1960. 

Representative Price. What range will that be in? 

Dr. Green. Formally, we guarantee 25 Bev., but I am certain we 
will get 30. So I tend to call it 30 Bev. 

Representative Pricr. How much will it cost ? 

Dr. Green. Our latest estimate is that it will run $29 million. 

Representative Price. What about linear accelerators 

Dr. Green. These are circular machines. The linear accelerator, 
you shoot things out in straight lines. There have been advances in 
the linear accelerator art which permit linear accelerators now to go 
on up to quite high energies. One might be interested in invading 
this region of energy with linear accelerators. 

Representative Price. What are we doing in research on linear ac- 
celerators ? 

Dr. Green. We are doing quite a great deal. Some of our staff in 
the United States, particularly our staif at Brookhaven, have made 
some basic improvements in the proton linear accelerator. We are 
building a 50-million-volt proton accelerator. It might be possible, 
my colleague Dr. John Blewett thinks, quite seriously in building a 
10-billion-volt proton linear accelerator. 

Representative Price. Were we not several years ago talking about 
building a full scale of that linear accelerator ? 

Dr. Green. Which one is this, sir? 

Representative Pricz. This was to be built at Weldon Springs, 
Mo. ? 

Dr. Green. That was an extremely high-intensity linear accelera- 
tor, but not extremely high energy, the reason advances have made 
it possible to go to very high energies, lesser intensity at perhaps rea- 
sonable prices. When I quote reasonable prices in this business, it is 
tens of millions of dollars. 

Senator Anperson. Where does the MURA accelerator fit into 
that range? Is the one at Argonne the AEC answer to the MURA 
proposal ¢ 

Dr. Green. Not necessarily; no. 

Senator Anprerson. It replaced it, did it not? Dr. Zinn left Argonne 
because AEC decided to take it away from Argonne and give it to 
the universities. Then, having let Dr. Zinn go, they took it back 
from the universities and gave it to Argonne, and now the MURA 
crowd is angry. I am trying to figure out where their accelerator 
fits in this picture. Is it not larger than any of these? 

Dr. Green. It is a different machine. These machines that I am 
talking about in this region now are pulse machines. In order to 
make them run, you pulse the magnet slowly up, accelerating as you 
go, and you have to discharge the magnet and get ready to do it all 
over again. Particles come out of the machine only at the tip of the 
pulse for a short period of time. 

In the cosmotron, it will pulse once every 5 seconds. You get 
particles out for a few thousands of a second and then you sit and wait 
5 seconds before you get some more. ; 
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In the FFAG machine, it is possible to run steadily so that a flow of 
particles can be brought out of the machine more or less continuously, 
or at any rate in the fixed-field machine, a very important item is that 
the particles can be left circulating. 

In the pulse machines, the magnetic field has to go up and down 
Youcannot stop. Youare hooked. You are going upand down. In 
the fixed-field machine, the magnetic field is in a steady state. You 

can build up probably enormous intensities of particles just sitting 
there and circulating. You can store them. You cannot store in 
these machines. So in the fixed-field machine, you can store. 

The Argonne machine is simply another entirely conventional con- 
stant gradient proton cyclotron at 12 Bev. It is necessary to service 
the demands in the Middle West. The Middle West has a large group 
of distinguished physicists of great ability, and these people | do need 
some facilities. They do not have any. They come to Brookhaven 
where we love to see them, but when the cosmotron is running, it runs 
24 hours a day, and the bevatron is trying to do the same, but you 
have this pool in the Middle West and nobody to service them. 

You have to pardon me. I am a native middle westerner. 

Senator Anperson. I am sorry I asked about that because I under- 
stand that Dr. Simon is here. 

Dr. Green. Yes. 

Senator Anprrson. Some of us were greatly interested in the 
MURA proposals and thought they made a lot of sense and it is a 
shame to lose this enthusiasm in what I thought was a rather re- 
markable group of men. 

Dr. Green. The MURA group is a remarkable and brilliant group 
of people; yes. There is no question about that. 

1 would like to point out that the fixed-field machine is a storage- 
type machine. It will just sit there and store these particles. You 
can think of many things to do. There is no machine of that type 
on this chart. 

I should say around 1952 we began wondering about another factor 
of 10. By that time there were a lot of funny particles that had 
been found in the cosmic rays. Shortly after we finished the cos- 
motron, some of the boys wanted to see what we could do. 

The cosmotron magnet weighs 2,000 tons. The bevatron magnet 
is 10,000 tons, and the synchrophasotron magnet is 35,000 tons. To 
make a cosmotron-like machine at 30 billion volts would mean you 
would have to melt down the whole reserve Navy to get enough iron. 
It is just simply impractical. 

So a group of our peepee sat down and discovered the strong 
focusing principle, whereby one could build a magnet of much bigger 
diameter with the magnet itself being a smaller cross-section and it 
would not take so much steel. Interestingly enough, Nicholas Chris- 
topilos in Greece, working all by himself, discovered this strong 
focusing principle on his own, completely independently. It turned 
out he was born in the United States and taken back to Greece when 
he was 4 years old, and later on Nick came to work in our laboratory 
with us. 

Representative Price. When was this? 

Dr. Green. He apparently discovered this principle about a year 
before we did. 
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Senator ANperson. Did he not submit it to our people and we turned 
it down as being impractical ? 

Dr. Green. No. 

Senator Anperson. Is that right? 

Dr. Green. Let me be frank and tell the story. 

Nick mailed a letter to Berkeley about accelerators, in which he was 
very interested, and the letter was a mess. People at Berkeley read 
it very carefully, analyzed it, and it was no good. So they wrote him 
back an explanation of what was wrong with all of these crazy ideas. 
Nick sat down, being a very brilliant individual, and proposed to 
correct his ideas. This letter from Berkeley did him a lot of good. 

Then he sent to Berkeley a description of this strong focusing prin- 
ciple. People at Berkeley said it is another letter from that crazy 
Greek, threw it in the file and never read it. 

When Nick came over and saw the article our people had published 
in Physical Review, he said, “I described that before.” We telephoned 
Berkeley ; they went and pulled it out of the file; their faces were very 
red and there it was. 

Senator Anperson. I would say that is an easy explanation to make 
after the facts. Somebody did put it away and it did have the strong 
focusing principle in it and no attention was paid to it. That much 
we would have to agree on. 

Dr. Green. Exactly. That is exactly what happened. 

Senator Anperson. Nobody agrees that it was not as good as we 
had here? 

Dr. Green. No. It looked like a crank letter. We get these crank 
letters. 

Senator ANverson. You are not the only one that gets them. 

I think that is a very fine statement, Dr. Green. I am happy that 
you do state that this was overlooked. 

Dr. Green. Certainly. 

Senator Anperson. It would be an amazing thing if you did not 
overlook anything. 

Dr. Green. When we got acquainted with Nick, we were so well 
impressed with him, we hired him. 

* enator ANperson. I could not commend you more for what you 
id. 

Dr. Green. Here is the difficulty in these constant gradient ma- 
chines—figure2. One has to go around and around many, many times, 
actually millions of times or hundreds of thousands. In these machines 
the restoring forces are small. There must be some way to keep the 
particles being accelerated inside the space allowed for them. 
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TYPKCAL PROTON ORBITS IN 
CONSTANT-GRADIENT, OR 
-  “WEAK-FOCUSING* 
PROTON: SYNCHROTRON 





FIGURE 2. 
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In these machines, because the restoring forces are small, the par- 
ticles wander slowly from side to side. Obviously you cannot make 
a perfect machine and you cannot launch particles exactly into it. So 
as they wander from side to side, you have to provide a vacuum cham- 
ber big enough to contain them. Worse yet, you must wrap a magnet 
around that vacuum chamber. As that chamber gets big, that magnet 
gets big. The constant gradient in the machine somewhere in the 
neighborhood of millions volts, it simply runs out. From an economic 
or engineering standpoint, one hesitates to push it further. 

The strong focusing—figure 3—does something for us in permitting 
us to use a smaller magnet. In a strong focusing machine, the mag- 
netic field changes very rapidly with radius and this change reverses 
from magnet unit to magnet unit from which comes this name “alter- 
nating gradient.” 

There are poles, alternate, all the way around the ring. The effect 
of that alternation is first to let the particles wander out a bit and 
then strongly to force them back. So a particle in an alternating 
gradient machine is undergoing a wobbly sort of orbit if it is moving 
sidewise and a similar orbit moving up and down. 

A corresponding particle in a cosmotron or constant gradient ma- 
chine would take off like the blue line and would go w ay out before 
it was caught and then finally brought back, or it “would go way up 
before it was caught and finally brought back. 

For scale, in the AGS at Brookhav en, from here to there is about 
300 feet. The protons that are accelerating must not move more than 
+ inches in this direction, and in this direction not more than an inch 
and a half. This is a cross-section of the cosmotron magnet on a 
diameter of 70 feet. This is the cross-section we are building in 
the AGS magnet on a diameter of 942 feet. 

You can imagine this thing if you blew it up 10 times. It would 
be 80 feet square and there is not any steel millable to build steel 
plates that big. 

By going to the strong focusing principle, we got this enormous 
advantage of a small magnet and practical construction. 
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FIGURE 4. 


This is a general layout of the machine (fig. 4) with a few vital 
statistics. It is a half-mile in circumference. We are going to in- 
ject into it from a 50-million-volt proton linear accelerator. We 
have not found a way of starting particles from scratch. That will 
be done by the proton linac; at 12 places around the ring, we have 
accelerating stations that boot the particles along. 

We expect to take protons around this ring for about 4,000 revolu- 
tions, during which they will travel a couple of hundred thousand 
miles. During this time they have to stay within lateral displace- 
ments of the order of an inch. For that reason, the technological re- 
quirements are really quite stringent. 

To give you an idea of what it looks like (fig. 5), this is an aerial 
view of the AGS a little while back. I have to admit frankly that 
it is much more impressive in this view than it is in the present view 
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where the dirt is backfilled over the tunnel. This is taken a little 
while back while the tunnel showed. Here is the concrete ring tun- 
nel that contains the ring of magnets. The linear accelerator and the 
target house, our service building and all of our controls will be 
there. 





Ficure 5. 
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FIGure 6. 


As we strike targets with this machine, funny particles should fly 
in all directions. Working inside this house will provide for a lot 
of our experiments. We can, however, work out in this area or out 
in that area. This has now all been cleaned off in blacktop and we 
can send particle beams out for a mile or 2 miles if the experimenters 
demand. This accelerator is unique in one respect. It is the only 
one I know of that has a woods in the middle of it, and there are deer 
in those woods. 

This is a view inside the tunnel (fig. 6) looking back into the linear 
accelerator house. Here is the main tunnel curving around and these 
are the steel girders on which the magnets are to sit. 

The first production magnet is due at the end of this month. The 
linear accelerator is being built on this row of piers, and the protons 
will get their start coming down here and going into the ring. We will 
start the particles with the Cockcroft-Walton generator, quite similar 
to the old original one, except at about twice the energy of the old 
one. Then they go to the linear accelerator and get booted up to 50 
million volts, and in the main ring we hope to hit 30 billion volts. 
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Fieure 7. 


This is a view of the target house (fig. 7) with a ring of magnets 
going around. There is the tunnel going around again. We expect 
to have a very massive concrete shield erected here so that people can 
work outside this shield with the emerging beams of funny particles. 

Here is a survey monument. We have to do ane in this 
machine to thousandths of inches at hundreds of feet. We are able 
to do that only through the accumulated experience of the C saa and 
Geodetic Survey and the National Bureau of Standards, both of whom 
have given us a great deal of help in our precise measurements. 

The next question I suppose I ought : say one word about before 
I stop is, where do we go from here. I do not have any very good 
answers, certainly not any pat answers. 

We will get up to perhaps 30 billion volts in this machine. Do we 
need more energy than that? We are not sure. At the present time 
we have a great factor of ignorance in particle physics. We simply 
do not know enough about particle physics. We do not even know 
enough about particle physics at this moment to know whether 30 
billion volts is enough or not. 

As we get the 30 billion volts, we may find it is not enough. It is 
a little late to start another machine. It takes years. This will take 
about 7 years from “O. K. to look at designs” to completed hard- 
ware. 

Representative Price. In this connection, is the MURA machine a 
step in advance of this? 


23103—58 





—43 











| 
: 
; 





concn LL a aA 


660 PHYSICAL RESEARCH PROGRAM 


Dr. Green. It has a very intriguing possibility since it is a storage 
machine. You can get colliding beams in it and get the effect of a 
machine of this sort in the hundreds of billions of volts region. 

Senator Anperson. 540 billion. Is not that their goal? 

Dr. Green. I do not know. Five hundred seems to be their goal. 

That is effective Bev. You do not have 500 Bev particles. But by 
making two opposed beams collide, you get the same result as having 
500 Bev. 

One thing I would like to emphasize is the enormous use and P 
enormous savings which the computers have permitted us in design- 
ing this machine. We never build the same thing twice because there 
is not a demand for hundreds of these things, or even dozens. We 
always go from a design with which we have experience to something 
extrapolated right out to the bitter edge of our experience. 

One does not like to sink twenty-eight or twenty-nine million dollars 
in this machine without having at least some assurance that it might 
work when it is finished. 

So one thing we have done is not only the usual theoretical paper 
and pencil work, but we have done very extensive running of particle 
orbits, what happens to the particles, in the UNIVAC at New York 
University. 

In this connection, the modern computer is a whole new concept. 

It is not an adding machine. The computer at New York University 
has permitted us to sit down and run in our imagination a proton 
synchrotron before we built it. That is what we try to do with a 
computer, simply sit down and run that machine in fancy. 

We found some things we better not do to keep ourselves out of 
trouble. Some of these things may save us enormous sums of money. 

For example, to model this machine, we built an electron analog 
and ran it successfully. That cost us $3 million. 

Representative Price. How much? 

Dr. Green. I meant three-quarters of a million. 

Representative Price. How are you set on the financing of this 
machine ? 

Dr. Green. Right now we have authorized $26 million. Inflation 
has caught up with us and our estimates were a hair on the shy side. 

So we are going to need probably $29 million before we are through 
with the thing. 

Representative Price. And a conditional $3 million ? 

Dr. Green. Yes. 

Senator Anperson. Did we not give extra money to speed it up in 
an appropriation bill a year ago? i 

Dr. Green. Not on this machine. That must have been another. 

The appropriation for this one was put through 2 or 3 years ago. 

Representative Price. That was the cosmotron improvement ? 

Dr. Green. Yes, sir. I do not know where we go, as I say. I do 
not know whether we will build a still bigger strong focusing ma- 
chine. It is feasible to go to one hundred or two hundred billion volts 
in this design if you want to go big enough and spend enough money. 
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Representative Price. You stated $26 million was authorized ? 

Dr. GREEN. Yes, sir. 

Representative Price. Do you have that full amount appropriated ? 

Dr. Green. Yes, sir; $26 million has been appropriated. 

Representative Price. And is available? 

Dr. Green. And is available. 

Representative Price. It is not being held up? 

Dr. Green. My administrative assistant sometimes has trouble get- 
ting the money in the bank, but he gets it. 

ltepresentative Price. How much trouble does he have ? 

Mr. Green. Not much at all. Out of the $26 million we have not 
ourselves had any real honest holdup. 

Representative Price. You have had delays because of money being 
held up ¢ 

Dr. Green. We have had no delays. The only difficulty has been 
the accountant troubles. We have had no holdup at all on that. 

Representative Price. You say you had some difficulty. What type 
of ditiiculty would there be ¢ 

Dr. Green. I should not have said difficulty. We have had none 
that caused us any inconvenience other than the administrators run- 
ning around and making loud noises. I think you would have to expect 
that. If this did not happen, the millenium will have arrived. Any 
engineers or physicists who have their hands dirty have no patience 
with anything. They want it and why can’t they have it. 

In constructing the machine one has this. If you have a bunch of 
deadheads, you do not have that trouble. 

Representative Price. Does that complete your presentation ? 

Dr. GREEN. Yes, sir. 

Representative Pricr. Thank you, Doctor. 

Are there any questions / 

If not, we thank you. 

I had hoped to recess the hearings at noon and continue at 2 o’clock 
this afternoon, but I understand that Dr. Schiff desires to take a plane 
to California at 2 o’clock; is that correct ? 

Dr. Scuirr. I would like to, but if you would rather adjourn, I 
could stay. 

Representative Price. I think we can accommodate you. We will 
call Dr. Schiff as the next witness and then we will recess after that 
and reconvene at 2:30. Dr. Schiff is head of the department of phys- 
ics, Stanford University. He is one of the prominent members of the 
community of physicists and a member of the National Academy of 
Science. He is a specialist in the field of quantum mechanics. 


Dr. Schiff has also taken considerable interest in the high energy 
experimental research at Stanford. The staff at Stanford is now pro- 
posing the construction of a 2-mile-long accelerator, so it seems appro- 


priate for us to hear something about this so-called monster. 
Dr. Schiff. 











662 PHYSICAL RESEARCH PROGRAM 


STATEMENT OF DR. LEONARD I. SCHIFF,’ HEAD OF DEPARTMENT 
OF PHYSICS, STANFORD UNIVERSITY 


Dr. Scuirr. There are two kinds of accelerators capable of produc- 
ing particles with energies in excess of 700 Mev., synchrotrons and 
linear accelerators (linacs). A synchrotron accelerates particles in 
ps sae a circular orbits in a magnetic field, and a linear accel- 

‘ator accelerates particles along a straight-line path. At these high 
saint, synchrotons have been used to accelerate both protons and 
electrons, and linacs have thus far been used only to accelerate elec- 
trons. At the highest energies now contemplated, from 20 to 50 Bev., 
it is expected that sy nchrotrons will still be able to accelerate protrons, 
although not electrons; while linacs will be able to accelerate electrons, 
and probably protons as well. 

The largest operating linac is the Stanford University Mark IIT 
accelerator, which produces 700-Mevy. electrons with an average cur- 
rent of about 1 microampere. This accelerator uses power at the high 
microwave frequency of 3 billion cycles per second, which corresponds 
to a wavelength of 10 centimeters or 4 inches. T he power is generated 
by 21 klystrons of the type used in certain large radar sy stems. The 
ren feed their electromagnetic power at 10- foot intervals into a 

290-foot long tube about 4 inches in diameter. This tube, called a 
loaded waveguide, contains disks spaced an inch apart, each with a 
hole about seven-eighths inch in diameter. Chart 1 shows a short 
section of the guide, with the electric field lines at three successive 
instants of time. The system is so arranged that an electron being 
accelerated to the right moves with the field, so that it always experi- 
ences the maximum “push from the electric field. In other words, it 
“rides the crest” of the electromagnetic wave as it moves down the 
length of the accelerator. 


1 Born March 29, 1915, Fall River, Mass. 

Education: 1933, bachelor of engineering physics, Ohio State University ; 1934, master 
of science, Ohio State University ; 1937, doctor of philosophy, Massachusetts Institute of 
Technology. 

Experience : 1938—40, research associate in physics, University of California and Cali- 
fornia Institute of Technology ; ; 1940-42, instructor in physics, University of Pennsylvania ; 
1942-44, assistant professor of physics, University of Pennsylvania ; 1944-47, associate 
professor of physics, University of Pennsylvania ; 1942-45, acting chairman, department 
of physics, University of Pennsylvania; 1945-46, staff member, Los Alamos Scientific 
Laboratory ; part-time research physicist with the National Defense Research Committee 
at Columbia University (1941-45), and at the University of California (1943-44) ; and 
with the Navy antisubmarine warfare operations research group (1943-45); 1956—57, 
visiting professor of physics, Univ ] i 
man, Physics Advisory Committee, Air Force Office of Scientific Research ; (at Stanford) 
1947-48, associate professor of physics ; 1948——, professor of phyhics and executive head, 
department of physics. 

Societies: American Physical Society (elected fellow in 1940; elected councilor for 
4-year term in 1953); American Association for Advancement of Science (elected fellow 
in 1940) ; Federation of American Scientists (member administrative committee 1945—46 
and 1947-48, council delegate 1950-53) ; California Academy of Sciences (elected fellow 
in 1952) : National Academy of Sciences (elected 1957). 

Editorial : 1943-45, associate editor of Review of Scientific Instruments ; 1945-47, asso 
ciate editor of the Physical Review; 1951-54, associate editor of Reviews of Modern 
Physics ; 1950-56, member, editorial board of Physics Today ; 1952——, member, editorial 
committee and associate editor of Annual Review of Nuclear Science; 1954, consulting 
editor, International Series in Pure and Applied Physics, McGraw-Hill Book Co. 
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WAVE PROPAGATION _IN DISC LOADED GUIDE 


Vp REDUCED TO SIRED VALUE 
CHART 1. 


The total energy gained by the electron is proportional to the electric 
field strength and to the distance traveled down the guide. There are 
technical limitations on the field strength, but the only limitation on 
the length of the guide is economic. An accelerator that is twice as 
long will produce electrons of about twice the energy, and if the cur- 
rent is unchanged, will consume about twice the electric power. The 
Stanford University project M proposal is for a 2-mile linac, roughly 
50 times the length of the Mark III linac, which should produce elec- 
trons of roughly 50 times the energy, or about 35 Bev. Actually, it 
is expected that initial operation will be in the neighborhood of 25 
Bev., and that ultimately the electron energy will be 45 Bev. This 
will require about a thousand klystrons, each giving repeated 2-micro- 
second bursts of 20-megawatt power. 
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It might be thought that there would be some difficulty in aiming 
electrons through a series of holes seven-eighths inch in diameter for 
2 miles. Actually, this is an easy matter, thanks to some conclusions 
that can be drawn from the now thoroughly verified special theory of 
relativity. According to this theory, it is exceedingly difficult to 
deflect a very-high-energy electron from a straight-line path, and the 
unavoidable disturbances associated with the acceleration process are 
too weak to produce an appreciable sideways deflection. Thus all 
that is necessary is to line up the holes optically, for example with a 
telescope, and the electrons will pass through. Small errors in aline- 
ment can be compensated by small magnetic “steering coils”; such 
coils are in fact employed in the present Stanford machine which is 
not very accurately alined. 

There is another, more striking way in which to see that the beam- 
aiming problem is not serious. If we look at the accelerator from the 
point of view of the moving electron, as though we were riding along 
with it, we see the waveguide disks with their holes rushing past us 
at a speed equal to that of the electron in the accelerator, which is 
practically the speed of light. The theory of relativity tells us that 
the waveguide moving at such an enormous speed appears to be very 
much shorter than its actual length, while the apparent diameter of 
the holes is the same as their true diameter. This is because dis- 
tances along the direction of motion appear to be contracted by a 
large factor, whereas distances at right angles to the direction of 
motion are unchanged. Chart 2 shows how this longitudinal contrac- 
tion factor depends on the parameters of the accelerator. For the 
Mark III linac, the apparent length is 13 inches instead of 220 feet; 
and for the project M linac operating at 45 Bev., the apparent length 
is only 17 inches instead of 2 miles. It is an easy matter to pass an 
electron beam through a tube 17 inches in length and seven-eights 
inch in diameter. 
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The parameters of the Mar. III and project M linacs are compared 
in chart 3. It is believed that no new technical problems will arise 
in making the transition from one to the other. However, some of 
the existing problems will become more serious, and a good deal of 
attention has been devoted to paper study of them. Perhaps the most 
important of these is the problem of shielding the accelerator in order 
that radiation background levels be low enough that there is no inter- 
ference with human activity or with very sensitive physics experi- 
ments. Chart 4 indicates the amounts of various possible shielding 
materials required for protection at the side of the bet, and in line 
with the beam. The requirements are somewhat different in the two 
cases, since high-energy radiation is very directional, and much more 
of it goes nearly straight forward than diffuses out to the sides. Also, 
the most penetrating forward radiation consists of »-mesons, while in 
the sideways direction it consists mainly of neutrons. The conclusion 
is that 29 feet of earth will be enough for the transverse shielding, and 
45 feet for the in-line shielding. 


CHART 4 
Mechanical specifications 


1. Minimum shielding requirements: 


GS ee a eee POG cs. 29 
(b) In-line (except for special shielding of the small forward 
CIO OE pO) oe creme mee i ee 45 
2. Accelerator tunnel cross section with 3-foot high dome___-_--- ae 10X10 
3. Klystron tunnel cross section with 10-foot high dome___----_- Oi: - eee 
is TUR TU a a al lec. 35 
5. Mechanical and temperature tolerances of accelerator : 
(a) Temperature control_____-_--__------ degrees Fahrenheit__ +1 
(6) Mechanical tolerances of parts_____-------------- inches__ ~0. 0002 
i, RINNE ORIEN 8 no oe ee ee ~1 


The transverse shielding is to be provided by placing the accelerator 
waveguide and associated equipment in a tunnel 10 feet wide and 13 
feet high, and the klystrons and service access in a parallel tunnel 24 
feet wide and 22 feet high. The two tunnels will be separated by 35 
feet of earth. Chart 5 shows a cross section of the access tunnel. The 
in-line shielding is of importance in the research area, or end station, 
which will be aboveground at the output end of the linac. A layout of 
this area is shown in chart 6. Deflection of the electron beam is ac- 
complished by means of magnets, which can be turned on or off to 
switch the beam from one to another of five possible target regions. 
The semicircular areas on the chart will contain large analyzing mag- 
nets, which will be used to measure the energies of electrons and other 
particles that emerge from nuclear reactions. 
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Chart 7 is an aerial photograph of the Stanford University campus 
and adjoining Stanford-owned land, with the project site drawn in. 
While the accelerator tunnels will occupy a space 70 feet wide, it is 
believed desirable to reserve a strip that 1s 1,00 feet wide for the first 
10,000 feet of length. This area is 230 acres. The end station with 
its shielding increases the total length to 12,600 feet, and adds 150 
acres to the site area. Buildings, utilities, parking, roads, and so 
forth, will add another 30 acres, bringing the total area reserved by 
Stanford University for the project to 410 acres. Chart 8 is a contour 
drawing of the area to be occupied by the end station and adjacent 
buildings. 

There are two general ways in which valuable scientific results have 
been obtained with the Mark ITT linac, and in which important fur- 
ther progress can be expected with project M. These are the measure- 
ment of objects of very small size, and the production and study of new 
particles in nature. Chart 9 summarizes the practical resolution dis- 
tances for several instruments. In general, the ability to observe 
structure on a small scale of distance requires the use of radiation of 
comparable wavelength, and as the wavelength decreases, the energy 
required to produce the radiation increases. Mark IIT has been very 
successful in determining the sizes and shapes of atomic nuclei, and 
also of individual neutrons and protons. Project M should give this 
information with much greater detail, and should also extend it to 
electrons and the unstable particles. 

While experiments of this type can be performed only with high- 
energy electrons, and hence with a linac, the production of new par- 
ticles can be accomplished with either high-energy electrons or high- 
energy protons. Fora collision of an incident electron or proton with 
a proton in a target nucleus, the two produce very similar effects, but 
the proton is roughly 100 times more effective than the electron. The 
reason for this is shown schematically in chart 10. The heavy line 
extending across the upper diagram represents a high-energy proton 
moving from left to right. A proton is known to emit and reabsorb y 
and K mesons as it travels in space. However, they cannot escape 
from the proton when the proton is moving freely through empty 
space; these are called “virtual” mesons and are represented on the 
diagram as short curved lines that leave and rejoin the proton line. 
The main interaction between the incident and target protons occurs 
by means of an exchange of virtual mesons; these are represented by 
the meson lines that leave the incident-proton line and cross over to 
the target-proton line as it recoils away from the collision to the 
upper right. At the same time, several free mesons will be produced, 
which escape from the protons and pass on out of the diagram. An- 
other event that can occur is the simultaneous production of a proton 
and an antiproton, again by means of an exchange of virtual mesons 
with the incident or target protons. 
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The corresponding situation for the collision of an incident electron 
with a target proton is shown schematically in the lower diagram of 
chart 10. Unlike a proton, an electron does not interact directly with 
mesons, and its only appreciable interaction is with photons, which are 
quanta of light, X-rays, or gamma rays, depending on the wavelength 
orenergy. Even this interaction is relatively weak, so that only occa- 
sionally as it travels along, does the electron emit and then reabsorb 
a virtual photon, which is represented in the diagram by a wavy line. 
When it encounters the target proton, a virtual photon is exchanged 
between them. This may contain enough energy so that the proton 
recoils violently, emitting mesons and also a proton-anti-proton com- 
bination. It is important to note that what happens in the target 
material is much the same whether the incident particle is a proton 
or electron. The main function of the incident particle is to transfer 
enough energy to produce a violent disturbance of the target proton. 
The incident proton does this by exchanging several virtual mesons, 
and the electron by exchanging a single virtual photon. 

It is the strong interaction of proton and proton by way of several 
virtual mesons, as contrasted with the much weaker interaction of 
electron and proton by way of one virtual photon, that makes a proton 
about 100 times more effective than an electron in producing nuclear 
reactions and new particles. There are, however, two partly offsetting 
factors: An electron will travel about 3 times as far as a proton in the 

target material before losing most of its energy, so that it is 3 times 

as likely to encounter a target proton. This reduces the factor—100 
advantage of a proton to about a factor 30. The other offsetti ing factor 
is that the incident electron, because of its smaller mass, gives less 
recoil energy to the target proton than does the incident proton, SO 
that more of the energy of the incident particle goes into making 
mesons and other particles with electrons than with protons. 

Chart 11 shows the energies and currents of all known existing and 
contemplated accelerators in this energy range. Similar information 
is displayed in chart 12, with the relative yields of produced particles 
decreased by a factor 30 for the electron accelerators and effective ener- 
gies increased somewhat. Both the energy and yield (or current) 
scales in both of these charts are logarithmic, so that each heavy line 

upward or to the right denotes multiplication by a factor 10. It is 
apparent that the project M linac willl compare favorably with other 
accelerators as far as produced particle yield at very high energy is 
concerned. In experiments that use electrons directly as probes, high 
intensity is necessary in order to be able to discriminate against the 
large background of low-energy byproducts. 
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Chart 10 shows not only why incident protons are more effective 
for particle production than electrons, as just discussed, but also why 
electrons have an important advantage when used as tools for detailed 
study of the production processes. A high-energy proton is a very 
complicated system, since it carries an atmosphere containing many 
virtual mesons. A high-energy electron, on the other hand, is a rela- 
tively simple system, since its atmosphere usually does not have more 
than one virtual photon in it. It is to be expected, then, that a proton- 
proton collision will be much more difficult to analyze and understand 
than an electron-proton collision. Thus from the point of view of 
acquiring fundamental understanding of the basic interactions, elec- 
trons have the advantage of relative simplicity. 

Two other experiments that can be performed only with electrons 
are worth mentioning. The structure of the electron itself is of con- 
siderable interest, and experiments performed with the Mark ITI linac 
indicate that it has the relatively simple form indicated in the last 
paragraph. However, it would be very desirable to extend this investi- 
gation to much smaller distances, as could be done with the project 
M linac, to see if unsuspected complications appear. The other experi- 
ment concerns the production of members of a special class of particles. 
Two examples are now known, the electron and the »-meson, which can 
be produced directly only by means of electrons or photons, and only 
in directly by protons. There might be other particles in this class, 
and indeed physicists in the Soviet Union have reported the existence 
of a particle of this kind that is somewhat heavier than the »-meson. 
The feasibility of a systematic search for such particles with the proj- 
ect M linac is under study. 

This statement can be summarized by making the following points: 
(1) A linear accelerator is the only device capable of producing elec- 
trons in the 25- to 45-Bev. energy range. (2) Such a very high en- 
ergy linac is technically feasible, and requires no great extrapolation 
from existing techniques. (3) Expected electron currents are so large 
that the intensity of new-particle production should be comparable 
to or greater than those from contemplated proton accelerators. (4) 
High-energy electrons can be used to perform experiments of great 
scientific interest that cannot be carried out with protons. 

Finally, it should be pointed out that there are now 5 accelerators 
in the energy range above 20 Bev. known to be under construction 
or study throughout the world. The two under construction are the 
alternating-gradient proton synchrotrons at Brookhaven National 
Laboratory and at CERN, Geneva. In addition, a similar machine 
is under design in the Soviet Union, and a fixed-field alternating- 
gradient proton synchrotron is under serious study by the Midwest- 
ern Universities Research Association. The project M linac is the 
only one of the five machines intended to accelerate electrons. 

Representative Price. Doctor, you stated in your prepared sum- 
mary submitted to the committee that this proposal was submitted 
to the Government in Apri] 1957. 

Dr. Scuirr. Yes, sir. 

Representative Price. That was through the Atomic Energy Com- 
mission ? 

Dr. Scuirr. It was submitted to several branches of the Govern- 
ment; to the Defense Department, Atomic Energy Commission, and 
the National Science Foundation. 
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Representative Price. Why was it submitted to the Defense Depart- 
ment? Does it have a bearing on a military function more than the 
civil side? 

Dr. Scuirr. The Defense Department has been very helpful and 
generous in its support of fundamental scientific work of this type. 
For example, the Mark III accelerator at Stanford is now supported 
jointly and with equal contributions by the Office of Naval Research, 
the Office of Scientific Research of the Air Force, and the Atomic 
Energy Commission. 

Representative Price. Have any of the agencies to which you sub- 
mitted the proposal acted upon it yet? 

Dr. Scuirr. Not to my knowledge. They have all expressed con- 
siderable interest, but, as far as I know, there has been no action. 

Representative Price. What would be the estimated cost of such 
a machine ? 

Dr. Scuirr. The estimated construction cost, as of April 1957, when 
the report was submitted, was $78 million. 

Representative Price. Do you estimate that has gone up in the last 
year? 

Dr. Scuirr. We have not made a more recent. proposal. Most. prices 
have gone up, and I would suppose that this has, too. But I could 
not give you an estimate. 

Representative Price. That has been almost a year now since you 
submitted the proposal, and you have not yet had any direct reply 
to the proposal. What has been the status of the work in the field 
since that time? 

Dr. Scnirr. We have continued very active experimental research 
with the Mark III accelerator, and a certain amount of work has been 
done in developing and improving the reliability of klystrons. Essen- 
tially, nothing has been done with further design of this accelerator. 

Representative Price. Do the people who have been w orking in the 
experiments still feel as strongly about the proposal they made a year 
ago? 

“Dr. Scrirr. V ery definitely, yes. 

Representative Pric r. And subsequent work that has been done has 
not changed the view of your people on the need for this machine? 

Dr. Scuirr. No, sir. If anything, it strengthened our feelings in 
this direction. 

Representative Hosmer. Could that machine be built in flat, open 
spaces at considerably less cost ? 

Dr. Scuirr. I think it could be built almost anyplace. If it were 
built on an open, flat space, the shielding problem would probably be 
such that it would be desirable to put it in a tunnel in any event. I 
think it is easier to supply shielding by dropping below ground level 
than it is to put it at ground level and put something around it. 

Representative Price. Do you have a location set for it alre sady ? 

Dr. Scurrr. Yes. The aerial view of the Stanford campus indicates 
the location. This area, which amounts to something over 400 acres, 
has already been set aside by the trustees of Stanford University in 
the event that this project materializes. 

Representative Price. The site is already available ? 

Dr. Scurrr. Yes. 

Senator Anperson. I think you would admit that the building on 
that rather rough terrain is a little more expensive than on flat ground. 
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Dr. Scuirr. It might be a little more expensive, but not very much. 
We do not have an accurate comparison of cost on hilly and flat ter- 
rain. We do have a reasonably accurate cost estimate for construc- 
tion here, which was made by the Utah Construction Co. 

Representative Price. If there are no further questions, thank you 
very much, Dr. Schiff. We appreciate your presentation here. 

Dr. Scuirr. Thank you. 

Representative Price. The committee will recess until 2:30 this 
afternoon, when the witness will be Dr. Symon of the University of 
Wisconsin. 

(Thereupon, at 12:30 p. m., the committee recessed, to reconvene at 
2:30 p. m., same day.) 

AFTERNOON SESSION 


Representative Pricp. The committee will be in order. 

We will conclude today’s hearing on that section of the hearing 
having to do with the high-energy accelerators with the testimony from 
Dr. Keith R. Symon, technical director of the Midwestern Universi- 
ties Research Association and professor of physics at the University 
of Wisconsin. 

Dr. Symon has been working with the MURA group since 1954 
and it is he who suggested the possibility of a new type of accelerator 
which is now known as the radial sector fixed field alternating 
gradient accelerator. We understand that scientists in the MURA 
group are working on the design of the machine which woud involve 
colitis beams and would permit studies of much higher energies 
than are now conceived. 


STATEMENT OF DR. KEITH R. SYMON,’ PROFESSOR OF PHYSICS, 
UNIVERSITY OF WISCONSIN, TECHNICAL DIRECTOR, MIDWEST- 
ERN UNIVERSITIES RESEARCH ASSOCIATION 


Dr. Symon. I would like to preface my remarks by pointing out 
that the work I am reporting on represents many contributions from 
a number of people who have worked with the Midwestern Univer- 
sities Research Association during the past 4 or 5 years. 

Advances in the design of high-energy accelerators can come in 
various directions. You heard this morning from Dr. Schiff about 
one possible direction in which one could go in the design of high- 
energy accelerators, and I would like to describe some ideas which 


‘Born on March 25, 1920, in Fort Wayne, Ind. He did his undergraduate and graduate 
work at Harvard University, receiving his doctor of philosophy degree in 1948 in theoreti- 
cal physics. His doctoral research concerns the theoretical prediction of energy loss 
straggling for fast ionizing particles. 

From 1943 through 1945 he interrupted his studies at Harvard to work at the Naval 
Research Laboratory as a radio physicist, at first as a civilian and later as ensign, USNR. 
From 1947 until 1955, he taught in the physics department at Wayne University, Detroit, 
Mich. Since February 1955, he has been at the University of Wisconsin where he is now 
a professor of physics. 

In August 1953 he joined the working group of the Midwest Accelerator Conference 
which later became incorporated as the Midwestern Universities Research Association 
(MURA). In August 1954, while working with the MURA group, he suggested the possi- 
bility of a new type of accelerator which is now known as a radial sector fixed field alter- 
nating gradient (FFAG) accelerator. Since that time, the MURA group of scientists have 
been developing the field of FFAG accelerators and they have proposed many new ideas 
and improvements. In June 1956, Dr. Kerst, Dr. Jones, and Dr. Symon were invited to 
represent the MURA group at the CERN Conference on High Energy Accelerators in 
Geneva, Switzerland, where they delivered a series of papers on FFAG accelerators. In 
1956, Dr. Symon became head of the theoretical section of the MURA laboratory. Since 
October 1957 he has been technical director of MURA laboratory. 2 








A | 


680 PHYSICAL RESEARCH PROGRAM 


we are developing at the Midwestern Universities Research Associa- 
tion—I will abbreviate that to MURA, if I may—which lead in the 
direction of providing greater beam intensities from high-energy 
accelerators and, second, in the direction of providing higher energies 
from accelerators. 

There are many experiments which one would like to do with 
accelerators if one could get greater beam intensities and, of course, 
it is always of interest to try to extend the energies of accelerators 
so that one can explore new areas hitherto unexplored. 

I would like first just to describe to you briefly the nature of the 
accelerator which we are proposing to design and then to indicate 
what progress we have made along this direc tion. 

The achievement of higher beam intensities and of higher energies 
depends essentially upon two principles which we are exploring. 
One is the fixed field alternating gradient, or FFAG principle, and the 
other is the principle of beam stac king, which I shall try to describe. 

Fixed field means that in this accelerator we have a magnetic field 
which guides the accelerated particles around in a cire le as in the 
accelerators which Dr. Green described this morning, except that 1 in 
this case the magnetic field is fixed. That is, it is constant in time 

‘ather than being pulsed as it is in all conventional high-energy accel- 
erators. There are, in the first place, certain engineering : and mainte- 
nance advantages in having a fixed field, such as the ‘fact that the 
magnets are not continually shaking themselves as they pulse, so the 
maintenance problems are somewhat ‘simpler. 

However, the big advantage is that it gives one a much greater 
flexibility in the design of the accelerating system. On this, I will 
speak further in a moment. 

If one wants to build an accelerator in which the magnetic field is 
fixed, then he will have to provide a region of weak magnetic field 
where the low- -energy particles can cire mul: ite after they “have been 
injected and then a region of high magnetic field to which the particles 

vill move as they are accelerated to higher energies 

The difficulty here is that if one just provides a weak magnetic field 
at the inside of the doughnut and a strong magnetic field on the out- 
side then the orbit will be unstable and the particles will fly out of the 

machine vertically. 

In order to stabilize the particle orbits, we propose to use alternat- 
ing gradient focusing which was described to you this morning by Dr. 
Green. This is the source of the name fixed field altern: ating gradient. 
There are two principal types of FFAG magnetic field p: atterns that 
one can use. 

The first one is illustrated in this photograph I have here (fig. 1) 
of a working model of such an accelerator which was constructed 
about 2 years ago. This is called a radial sector accelerator because 
the magnets are arranged radially around a ring. 
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FicureE 1.—Radial sector model electron accelera tor (400 Key). 


In this case we want to have a weak magnetic field on the outside 
and yet in order to stabilize the orbits we want the magnetic field 
gradient to alternate from one direction to another as we go around 
the circle. In order to do this we provide magnets in which the 
direction of the magnetic field alternates. In the longer magnets it 
will be down; in the shorter magnets it will be up. 

Thus, as the particle circulates it sees an alternating magnetic 
gradient which stabilizes the orbits. In this particular model we 
accelerate electrons to an energy of something like 400,000 volts. As 
the electron goes around it bends outward in the positive magnet and 
then bends inward in the negative magnet. 

I think you can see one of the chief disadvantages of this particular 
design is that the orbit is much larger than it weld have to be if these 
negative magnets were not present. The negative magnets need to be 
here in order to make the orbits stable. The result is that such an 
accelerator will be perhaps 3 or 4 times as large as a more conventional 
accelerator at the same energy. 

Here (fig. 2) is another picture of the same model, but we removed 
one of the magnets so that you can see the vacuum tank or doughnut 
within which the particles circulate. 

Representative Price. Where is that located, now? 

Dr. Symon. It is in our laboratory in Madison, Wis. 

The second type of FFAG csilenien is called the spiral-sector 


accelerator. It is illustrated in this picture (fig. 3) which is a picture 
of another model put in operation last August. In this case the magnet 
sectors spiral out from the inside to the outside. 
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Fieure 2.—Radial sector model, with sector removed showing vacuum chamber. 





FIGURE 3.—Spiral sector model electron accelerator (120 Kev). 





l 
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The advantage of this design is that we no longer need to provide 
a negative magnet. In place of a negative magnet, we simply have 
a space here where there are no magnets across which the particles 
fly as they go from one magnet to the next. I think you can see that 
here, too, the particle does see an alternating magnetic gradient even 
though there are no negative magnets because of the v yay y the particles 
spiral. 

As an electron enters a magnet it sees a magnetic field on its right, 
but as it leaves the magnet it sees a magnetic field on its left, so the 
magnetic-field gradient it encounters does alternate in this design as 
the particles go around. 

So much for what we mean by an FFAG magnetic field. Now, I 
would like to describe the method of accelerating particles in such a 
device. For high-energy accelerators of this type, it seems essential 
to — ate the partic sles by applying an alternating voltage to them, 
as Dr. Green described this morning, in such a way that you give 
them a series of successive kicks as they go around. 

We do that, also, in an FFAG machine, except that here you have 
the advantage that, since the magnetic field is constant in time, it can 
contain at the same time particles of any energy from the injection 
energy at the inside to the output energy at the outside of the acceler- 
ator. 

The result is that this gives us a very considerable flexibility in the 
choice of the accelerating scheme and, in particular, it makes possible 
the process of beam stacking which is illustrated by this chart (fig. 6), 
which suggests a possible acceleration process in such an accelerator. 


Output, 15 Bev, one pulse per second (=30 injected pulses) 
15 Bev 


Third Stage RF Acceleration 
1 modulation cycle per second 









Stack 6 second stage pulses 3 Bev 
Second Stage RF Acceleration 


6 modulation cycles per second 


Stack 5 first stage pulses 500 Mev 


First Stage RF Acceleration 
30 modulation cycles per second 


50 Mev 


injector, 50 Mev, 30 pulses per second 


An Acceleration Scheme Utilizing Beam Stacking 





FIGURE 6. 





684 PHYSICAL RESEARCH PROGRAM 


In this case we imagine that we have a high-energy accelerator. 
We inject protons at 50 million volts at an energy represented by this 
horizontal line, and we inject 30 pulses of particles every second into 
the accelerator. Each time a pulse is injected we apply an alternatin 
voltage to it and accelerate it to an energy of 500 million volts. Then 
we leave that pulse coasting there and go back and pick up the next 
pulse which is injected one-thirtieth of a second later and accelerate 
that, also, to 500 million volts. 

We do this repeatedly, continually leaving successive pulses coast- 
ing at this energy (500 Mev.) in the accelerator, which is the thing one 
can do in a fixed-field accelerator, and this is the process that we call 
stacking. 

After 5 pulses have been accelerated to 500 million volts, we now 
apply an alternating voltage which accelerates this group of pulses 
up to an energy of 3 billion volts. The advantage is that we need to 
do this only 6 times per second and we are giving them more energy, 
so it takes longer to give them that much energy, so in one-sixth of 
a second we accelerate the particles from 500 million volts to 3 billion 
volts. 

We can do this again. We canstack 6 of these pulses at this energy 
and, by applying another alternating voltage, accelerate all of those 
pulses up to the final energy of 15 billion volts. The result is that we 
have injected 30 pulses every second at the low energy, and we are 
accelerating 1 pulse per second up to the high energy, but each pulse 
at this point is equivalent to 30 injected pulses. 

The end result is that the output beam from this accelerator cor- 
responds to 30 injected pulses per second, whereas in conventional 
accelerators you get only about 1 pulse every 4 or 5 seconds. This 
is the reason why we achieve a gain in intensity of perhaps a factor of 
100 or so over more conventional types of accelerators. 

A second point to notice here is that if, instead of extracting this 
15-Bev. beam, we simply leave the particles coasting there and con- 
tinue to accelerate more and more particles to this energy, we could 
stack up a very intense beam of particles circulating in the acceler- 
ator at this energy. 

It now becomes possible to think of an experiment which many 
people have talked about in the past but which up to this point has 
not been practical, and that is to let two such intense beams interact 
with each other. That is, to accelerate two intense beams of particles 
in an accelerator and let them collide within the accelerator. 

In order to see the advantage of doing this. it is necessary to point 
out—I think Dr. Schiff also pointed this out this morning—that what 
counts in a nuclear interaction is what in physics we call the center of 
mass energy, or, if you like, we can call it the available energy in the 
reaction. 

If I have a stationary particle and I let a fast-moving particle 
strike the stationary particle, a good deal of the energy goes simply 
into forward motion of the two particles and only a fraction is avail- 
able for producing whatever interesting reaction you want to study. 

The situation is particularly serious at very high energy because of 
the relationship between mass and energy. A 15-billion-volt proton 
weighs more than 15 times as much as a proton which is at rest. So, 
it is like a cannon ball striking a BB and you can see that, even 
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though the cannonball has a great deal of energy, most of that energy 
is just forward motion and ‘only a very small part is available for 
making a dent in the BB. 

If we can shoot two cannonballs from opposite directions, then all 
of the energy is available in the reaction. To illustrate this, I have 
a table (table 1) in which, in the center column, I show the energy 
of an accelerator in which you accelerate protons and let them strike 
a stationary proton. In the left-hand column, I show the available 
energy or the center of mass energy that is developed in the reaction. 

(The table referred to is as follows:) 














TABLE I 
Available kinetic energy Required energy (stationary target) Colliding beam energy 
(center of mass) 
BS BW occncccenddeteweee 2.9 Bev. (cosmotron) .......--.--- a 0.56 Bev. 
() , Seen | eee nig 1 Bev. 
Wie Gs cckascccasaeenee 12.5 (Argonne synchrotron) _- 1.6 Bev. 
OS BU iccsucaessneaceas 33 (Brookhaven alternating gradient sy n- | 3.1 Bev. 
chrotron). 
Odea dace oeaece 50 — Rusiet AGS6)......-.<..+...< 4 Bev. 
OD SOO vivtinivditcnmatianimel 540-- 


Sasi ndasdhcchecawi weed ac aetna eae 15 Bev. (proposed MURA FFAG 
synchrotron). 


Here we have a figure of 2.9 Bev, which corresponds about to the 
cosmotron at Brookhaven. The av ailable energy is 1.1 Bev. You 
notice as you go up in energy the available energy increases only very 
slowly. At 6.2 Bev, which is about the energy of the bevatron, you 
have an available energy of just 2 Bev., which is barely enough to 
produce a proton-anti- proton pair. The new Argonne accelerator 
is to be at 12.5 Bev. The available energy will be 3.2 Bev. The fig- 
ure of 33 Bev. is supposed to represent about the energy of the new 
alternating gradient synchrotron under construction at Brookhaven. 
The available energy will be 6.2 Bev. The Russians are reported to 
be considering a 50 Bev. accelerator but you see they will gain only 
a little bit in available energy. 

Now, if one imagines letting two 15-billion-volt beams collide with 
each other, as I show in the last column, then the available energy is 
30 Bev.—15 from each beam. In order to achieve this with a single 
accelerator one would need 540 Bev. So the interactions that one 
can produce are the same as one would get from a conventional accel- 
erator at 540 Bev 

Representative Price. Is that the figure that someone talked about 

this morning? 

Dr. Symon. This is the figure that was quoted this morning. 

Representative Price. This is what you would hope for in this 
synchrotron that is under construction by MURA? 

Dr. Symon. That is right. The actual energy of the accelerator 
would be 15 Bev. There would be 2 such beams but the resulting 
collisions would be the same as if we were to accelerate 1 beam to 
540 Bev. 

This number is so large that it is out of the question at the moment 
economically to imagine building an accelerator of this size. So this is 
the gain that one gets if one is able to achieve colliding beams. 

Representative Price. That is providing that they can or do collide, 
or is that a proven theory ¢ 
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Dr. Symon. One can calculate if one knows how much current he 
has in the colliding beams how many collisions one would get. The 
probability of a collision between two protons traveling in opposite 
directions is extremely small. 

However, if you have intense beams, and calculations indicate we can 
reach beams of the order of 50 amperes of protons per square centime- 
ter, then you get quite a large number of collisions. You get about 
10 million collisions per second. This is enough to begin to do experi- 
ments. 

I have shown in the next picture (fig. 8) one of the first ways that 
was suggested of making 2 beams collide and that is to make 2 accel- 
erators—in this case the spiral sector type—put them tangent to one 
another and allow the beam circulating in one accelerator to collide 
with the beam circulating in the other accelerator. 





Ficure 8.—Tangent ring spiral sector accelerator. 


Representative Price. There are a certain number of collisions that 
you can calculate or count on 4 

Dr. Symon. You can make estimates of how many collisions you 
will get. What you are interested in knowing is what happens in 
those collisions. 

Mr. Ramey. How would you measure then, within your accelerator, 
the results? 

Dr. Symon. It turns out if you can produce a very high vacuum in 
this region so that you have essentially just protons colliding with 
protons in the other beam, then there are a great number of possible 
experiments that you can do. 

You can study the beams coming away from this region just as you 
would study the beams in a conventional accelerator coming away 
from a target region. You can even imagine putting devices like 
bubble chambers in this region to look at tracks coming from indi- 
vidual collisions that occur here. 

The difficulty with this particular arrangement is that it is a little 
difficult to see how to get at this region to do experiments. It is 
possible, but it isnot easy. As a result we now prefer a second method 
of getting colliding beams which has recently been developed, in which 
it turns out to be possible to make a radial-sector type accelerator in 
which the beams can circulate in both directions in the same accel- 
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erator. Here (fig. 9), I have shown a diagram of a model accelerator 
of this type which is going to be constructed this year, in which we 
have radial-sector magnets, alternately positive and negative and in 
which beams can circulate in opposite directions simult: aneously with 
the accelerator. One can study the interactions of these beams in 
any of the regions between the magnets where the two beams cross. I 
do not know whether you can see from where you are the pictures of the 
two scalloped orbits, one going around one way and one going around 
the other way. 

Phis is an artist’s conception of what such an accelerator might look 
like (fig. 10). If we he id a 15 Bev. 2-way radial-sector accelerator, it 


would consitst of a ring which would be nearly a quarter of a mile 
in diameter. 
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FIGURE 9. 


Two-way radial sector model electron accelerator (50 Mev). 
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Inside the tunnel which is covered up with earth in this picture, 
there would be a string of magnets. The total weight of all the 
magnets in this case is something around 50,000 tons of iron. We 
would have experimental buildings in which one would study the col- 
liding beam interactions. 

It is also important to point out that this accelerator at the same 
time would be a source of intense beams at 15 Bev., so that it would 
be useful for two purposes: One, for studying colliding beams at 
energies corresponding to 540 Bev. from a single accelerator. Sec- 
ondly, it can also be used in a more conventional fashion as a 15 Bev. 
accelerator with an intense beam, and this shows an area where those 
beams could be extracted for experimental purposes. 

Mr. Ramey. How does that compare in size with the Brookhaven 
one? 

Dr. Symon. I think it is slightly larger. The diameter is 1,200 
feet and the Brookhaven machine is 840. 

Representative Price. What is this picture? Is this the picture of 
the model ? 


Dr. Symon. No. This is just an artist’s conception of how it might 
look. 


Representative Price. Of the final accelerator ? 

Dr. Symon. Yes. 

Representative Price. The MURA accelerator? 
Dr. Symon. Yes, an accelerator which someone might build of this 
sort. 

Representative Price. Is this the one you are proposing ? 

Dr. Symon. This is the one we would like to build. 

Representative Price. Have you any estimate of the cost of such 
facilities? 

Dr. Symon. There was an estimate about 2 years ago that it would 
cost around $100 million to build such an accelerator, including the 
associated laboratory buildings, and so on. We hope to have, very 
shortly, a better estimate based on more detailed designs. I think it 
will not be more than that, and maybe less. 

Finally, I would like to describe something about our progress to 
date on this subject. In the first place, we have built these models, 
of which I showed you pictures, and have done experiments with them. 

This diagram (fig. 4), which I won’t try to explain in detail, repre- 
sents the results of one experiment which was done in which we varied 
the design parameters of the accelerator and studied the output beam 
which we got. We plot here, as a sort of contour map, a picture show- 
ing the performance of the accelerator in terms of the frequency with 
which the electrons oscillate horizontally and the frequency in which 
they oscillate vertically. 

Theory says that there will be certain lines on this diagram along 
which the orbits will be unstable. They are represented by these 
various lines you see. Sure enough, we find that the performance 


of the accelerator bears out quite well the theoretical predictions of 
what the behavior should have been. 
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Figure 4.—Resonance survey—radial sector model. 
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Xe % 


INTENSITY SCALE 





SEO EL” a Re 


692 PHYSICAL RESEARCH PROGRAM 


The second diagram (fig. 5) is a similar plot showing the results of 
experiments with the spiral-sector model. I might say, as a matter of 
interest, that I believe that this accelerator is the first one which was 
completely designed with the use of a digital computer. What we did 
was to ask the computer to compute what the magnetic fields would 
be in these queer, spiral-shaped magnets and then we asked it to com- 
pute what the electron orbits would be in those magnetic fields and 
we varied these parameters in the computer first until we had a design 
which the computer said would work. 

We then built the magnets just the way the digital computer told 
us to build them; we measured the magnetic field and found they were 
very nearly what the computer said they should be. We modified 
them slightly to bring them into agreement with the field we were 
supposed to get. 

We injected a beam of electrons into the accelerator and imme- 
diately we found we were able to accelerate it to full energy. Further 
measurements indicate that the accelerator is performing Just the way 
the computer said it would. 

In this way we are gaining some confidence that it is possible to 

»redict in advance, theoretically, how an accelerator of this type will 
have. 

Finally, I have an oscillograph (fig. 7) of an experiment in the 
process of beam stacking. I do not think I will go into any detail 
about the experiment. In the top trace we see a pulse which repre- 
sents a group of particles which were accelerated to a certain energy 
in the model which I showed you. 

In this particular case, energy increases toward the left. In the 
second trace you see what happens if we apply an alternating voltage 
to accelerate these particles up to this energy and there were a few 
left back here. The trace shows what happens if we repeat this 
process four times as if we were stacking up a group of particles at 
this energy, and we find that these few particles that were left indeed 
are brought up to this point, and the original particles are displaced 
downward slightly to make room for them. 

Successive traces show what happens with 7 or 10 repetitions of this 
process. I will only say that the results of the experiment are in 
agreement with the theory upon which we base our predictions about 
the intensity of beams that can be stacked in an accelerator. 

Finally, I should point out that, in addition to our experimental 
program, we have a theoretical program which is aimed toward de- 
veloping methods of analysis which will enable us to design these ac- 
celerators and to predict their performance and, also, methods of 
digital computation which will be useful in the design of these ac- 
celerators, and we have now reached the point where these design 
methods and the confidence that we have in them, based on the ex- 
periments we have made with models, indicate that we could begin a 
serious and detailed design of a high-energy accelerator of this type. 

Representative Price. You say you could begin design of a high- 
energy accelerator. Are you referring there again to the much-dis- 
cussed MURA high-energy accelerator ? 

Dr. Symon. Yes, sir. 
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FicurE 7.—Oscillograph of beam stacking experiment. 


Representative Price. I thought you were engaged in the study of a 
design of that now. 

Dr. Symon. Our program originally, about 2 years ago, involved 
a proposal based on these principles I have outlined to you. Our 
first program has been to build models to verify that these ‘principles 
are correct since they had been previously untested. 

Our program has also been to develop our analytical and compu- 
tation methods to the point where we would be able to design such an 
accelerator. We are now at the point where it is possible to actually 
begin to make a detailed design and to turn out blueprints which 
would show how such an accelerator could be constructed. 

Representative Price. Then you do not feel you are at the point 
where you could start construction of this full-scale accelerator ? 

Dr. Symon. No. Construction of an accelerator would not be 
I think, until several years after the project had been started, 
cause there is a large amount of detailed design studies, jusinetiiian 
studies, drawing of blueprints, and so on. Also, one needs to build 
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large-scale models of the actual magnets that would be in the large 
accelerator. The Brookhaven people are familiar with this problem. 

Representative Prick. Have you made any formal proposal to the 
AEC on the start of the study of design of the full-scale accelerator ? 

Dr. Symon. I believe that the original proposal that we submitted 
includes this as a part of the program. That we would proceed 
through model studies and design studies leading toward the eventual 
construction of a large accelerator. 

We do intend in the near future to supplement that original pro- 

osal with more detailed information based on what we have learned 
in the past 2 years. 

Representative Price. How long would it take to build such an 
accelerator ? 

Dr. Symon. I think it would probably take 5 to 6 years beyond 
the time at which the project was authorized and when we were 
given the go-ahead to proceed at full steam. It would be something 
like that. 

Representative Price. I have been laboring under some misappre- 
hension on my own part, due to a ponellashe amount of publicity 
given to the MURA accelerator. I was laboring under the impression 
that MURA was ready to go as soon as the site question was finally 
settled. 

Dr. Symon. One could not proceed with construction, as I say, 
until 2 years after one had been told to go ahead. 

Representative Pricer. You have not been told to go ahead. When 
you are told to go ahead, the first thing you would have to do is to 
get down to the business of design and engineering. 

Dr. Symon. Yes. 

Representative Price. They have not started that yet. 

Dr. Symon. We have begun preliminary studies of this, but we 
have not expanded our program to the point where we could do it in 
the complete detail that would be necessary. 

Representative Price. What was the motivating reason behind the 
formation of the Midwestern Universities Research Association ? 

Mr. Symon. I believe the original motivation was that the univer- 
sities wanted to stay in the business of high-energy physics. In the 
past, when accelerators were smaller, it was possible for a university 
to manage having an accelerator located on its own campus. 

I think the universities felt that now that these instruments have 
become so large that this is no longer practical, the next best thing is 
to have a cooperative group of universities organized which will 
cooperate in the design and construction and operation of a facility 
of this type. 

Representative Price. At the present time in your laboratory at 
Madison, are there representatives of each of the universities in the 
association ? 

Dr. Symon. There are scientists working with us from most of the 
universities at the present time and from time to time in the past 
there have been people with us from each of the universities. 

Representative Price. Who do you work with mostly? Do you 
work with graduate students ? 

Dr. Symon. I think that nearly all of the key people on the project 
are people from the staffs of the various MURA universities who 
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are on leave for varying lengths of time to work with the MURA 
project. 

We have in addition, some people who are hired directly by MURA, 
and then we also have assisting us a number of graduate students. 

Representative Price. In a year’s time, how many people would be 
working in the MURA laboratory ? 

Dr. Symon. I think our total number of personnel is 40 to 50. 
That would include perhaps about 15 physicists from the universi- 
ties. It would include graduate students, a few secretaries, machin- 
ists, draftsmen, tec hnical assistants in the labor: atory, and so on. 

Representative Price. Would you care to make any comment with 
regard to your opinion on the location of the full-scale accelerator? 

Dr. Symon. This is, as I guess you know, a controversial question. 

Representative Price. That is the reason I would like to get your 
comment on it. 

Dr. Symon. I can only give my opinion. 

Representative Pricer. Any way, would you comment as to the bene- 
fit of the operation on a university campus as against a Government 
laboratory site? 

Dr. Symon. I think to answer this question completely would re- 
quire a good deal of thought. 

Representative Price. Is there any advantage or disadvantage one 
way or another ? 

Dr. Symon. I think there are a number of advantages and disad- 
vantages, yes. My own sania opinion is that the adv: antages lie 
on the side of construc ting the accelerator near a university campus. 

Representative Price. I did not understand your answer. 

Dr. Symon. I said, my personal opinion is that the advantages lie 
in the direction of constructing an accelerator near a university 
campus. 

Representative Price. Near a university ? 

Dr. Symon. Yes. 

Representative Price. What would be the disadvantage of it being 
located off a university campus if it were near a university campus. 

Dr. Symon. I think the question divides itself into two parts. One 
has to do simply with the physical location of the accelerator, and 
the other has to do with the organizational question as to who builds 
the accelerator, who supervises ‘its operation and how the accelerator 
laboratory is organized. 

There are these two questions : Let me answer the first one, as to 
the physical location. There are in the first place simply the techni- 

‘al questions as to the kind of foundation that you have on which to 
put the accelerator. These accelerators, as I indicated, are extremely 
large. 

One has to be absolutely sure that one can aline all these magnets 
to a very high degree of precision. For example, to within ten or 
twenty thousandths of an inch. Once they are alined, they must stay 
there. 

How much more does it cost you to build this on one type of foun- 
dation as compared with another? How much more sure are you that 
you can maintain the alinement on one rather than on another? This 
is one question. In this case, again, as I say, it is my opinion that 
one is better off at one site rather than another. 
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Representative Hosmer. It would be relatively impractical to put it 
on a university campus because of the cost of the ground. 

Dr. Symon. Yes. 

Representative Hosmer. You almost have to go out in the country 
some place. 

Dr. Symon. That is right, you do. 

The second point w hich has to do with the location is simply the 
nearness to a university. It is unfortunate but true, I guess, that one 

‘annot locate such accelerators on a university campus. But the next 
best thing, I think, is to operate them as nearly as possible like a uni- 
versity laboratory. 

If it is located near a university then one can have communication 
between the accelerator laboratory and the university. One can have 
graduate students who can attend classes at the university and work 
on research projects at the accelerator laboratory and so on. 

Representative Price. How much money has the AEC spent in con- 
nection with the MURA laboratory ? 

Dr. Symon. I think that the total amount comes to something over 
$2 million now. 

Representative Price. Do you know how much is in your 1959 
budget ? 

Dr. Symon. No, I do not. 

Representative Price. Do you feel that the work that the 1: iboratory 
is doing in connection with the AEC assignment and the funds for that 
work is s adequate ? 2 

Dr. Symon. I suppose no one ever thinks he has as much money as 
he would like to have. 

Representative Price. Are you having any difficulties that could be 
relieved by more generous appropri: itions of funds? 

Dr. Symon. Yes, I think so. This year the amount that we have is 
probably barely enough to enable us to complete this next model which 
I showed you the drawi ing of. It is less than what we had originally 
estimated would be a minimum amount. 

By cutting down our design at certain places and cutting corners, we 
think we can fit it within the amount that we have, but it leaves almost 
nothing left over for these design studies toward a large accelerator 
which I mentioned. We have to. go at it in our spare time, so to speak. 

Representative Price. Is the next model essential in your next step 
toward the full-scale accelerator ? 

Dr. Symon. I think it is a natural next step in the process. I think 
in parallel with the next model we could be doing a fair amount of 
beginning design of the large accelerator because the principles are now 
pretty well understood. We are pretty confident that the next model 
will operate as it is predicted to operate. So I think that along with 
building that model which will give us a lot of valuable experience and 
additional confirmation, one could begin with detailed designs of a 
large-scale accelerator. 

Representative Price. Do the university representatives of the 
midwestern group feel that the graduate student work and the gen- 
eral scientific program in the Midwest area suffer by lack of adequate 
equipment of that nature? 

Dr. Symon. I believe it is true, in general, that we have suffered 
some from the lack of high energy facilities in the Midwest; yes. 


LS. 
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Representative Price. As against other regions of the country 
where they have larger machines more readily available to the people 
working in the region ? 

Dr. Denies. I think that is true; yes, sir. I think there is some 
inconvenience. We have two high-energy physicists at the Univer- 
sity of Wisconsin who are doing work at the bevatron and at the 
cosmotron. ‘There is some inconvenience in this kind of arrangement. 

It makes it more difficult to attract and hold top people than it would 
be if there were a high energy facility available. 

Mr. Ramey. How much money is involved in going ahead with your 
design in parallel with your current experiment ? 

Dr. Symon. For example, the next fiscal year, I think if one went 
all out to proceed with the design of the large machine and carrying 
on the model program, the cost would be several million dollars that 
one could spend efficiently. 

Mr. Ramey. Would it be possible to have a moderate effort on de- 
sign and not going to details design and do your preliminary sort of 
thing at a lesser amount and still make progress ? 

Dr. Symon. You could make progress, but I think one could not 
make the amount much less before we would be pretty well restricted. 

Mr. Ramey. Would your site make any difference in terms of going 
ahead with some of your design of the machine without necessarily 
having a site fixed ? 

Dr. Symon. One can go a certain distance in that direction. I 
think one would want to know fairly soon. It is like asking an archi- 
tect to design a building without telling him where it is going to be. 
You can go a certain distance in this direction. 

Mr. Ramey. On the machine itself and the housing and so on? 

Dr. Symon. Yes. Pretty soon you begin to want to know things 
about the site. When you begin to set tolerances, for example, of how 
much are you going to allow the magnets to move—this makes some 
difference on how big you must make the magnets—it begins to be 
necessary to select the place where the accelerator is going to be. You 
must make measurements, load the foundation with heavy loads and 
see how much it moves, and so on, so one can firm up these estimates. 

Representative Price. Dr. Symon, do you believe that you have 
done enough development work up to this point that if you were 
given the go-ahead signal on the full-scale accelerator you would be 
in a position to start immediate detailed design work? 

Dr. Symon. Yes, sir, I think we would. 

Representative Price. That would indicate then, that a failure to 
get approval of the proposal at the present time is the only thing 
holding you back. 

Dr. Symon. Yes, or at least it begins to hold us back if it is de- 
layed very much longer. 

Representative Price. With respect to the full-scale accelerator that 
you hope to have some day, would that be the concept of the two 
counterrotating beams within the same tube ? 

Dr. Symon. Yes, sir. 

Representative Hosmer. Is MURA principally financed at the 
present time by the universities involved ? 

Dr. Symon. No, it is financed by the Atomic Energy Commission. 

Representative Hosmer. Entirely ? 
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Dr. Symon. Our computer is being financed for the last half of 
this year by the National Science Foundation. 

Representative Price. The university provided the site for that? 

Dr. Symon. No. The site is near the university but it is in a rented 
building. 

Representative Price. What sort of facilities do you have there? 

Dr. Symon. I haven’t a very good head for numbers, in terms of 
square feet of floor space and soon. Weare in a building which was 
formerly an cuamakike garage. We have two floors. We have one 
large room downstairs which houses the two models that I showed you 
and will house the third model. 

We have a second large room which houses our machine shop. Then 
we have office and library space. Upstairs, we have a considerable 
amount of office space for the people working on the project and also 
space for the IBbM-704 computer which we have and our electronics 
dai 

Representative Prick. Do you have a computer already established 
there and in operation ? 

Dr. Symon. Yes, sir; we do. We have had a computer in operation 
since a year ago last October. 

Representative Hosmer. What was the proposal made to the AEC? 

Dr. Symon. The original proposal was made for the tangent ring 
spiral sector accelerator. 

Representative Hosmer. Has it been subsequently modified ¢ 

Dr. Symon. Yes. Our work indicated that we could build an ac- 
celerator along the lines of our original proposal, but during the 
intervening 2 years the possibility of making a two-way radial sector 
accelerator has arisen. It turns out to have advantages over the other, 
so we would now propose to build that kind. 

Representative Hosmer. In relation to the radial concept, how long 
did that follow after the tangent concept originated ? 

Dr. Symon. The radial sector type was the first type to be suggested 
but it was not pointed out until, I think, a little over a year ago that 
one could accelerate beams in both directions in such an accelerator. 

Representative Hosmer. Can you control the points of collision of 
the particles in your radial sector accelerator or would they be random 
throughout the entire circumference ? 

Dr. Symon. What one would do is to select a few of the sections be- 
tween the magnets. Any one of these sections is a possible site for 
these collisions. One would choose just a few such sectors in which 
one would place an experimental area. 

Representative Hosmer. But the collisions would be occurring in 
random fashion throughout the whole circumference ? 

Dr. Symon. The collisions in principle would occur between every 
pair of magnets where the orbits cross. 

Representative Hosmer. Whereas in the tangent rings they are con- 
trolled and located in one point ? 

Dr. Symon. Yes, sir. 

Representative Hosmer. These collisions, with the amount of force 
that they occur, create a tremendous amount of wreckage of the par- 
ticles. What I am getting at is that in the other type of accelerators 
where you do have most of the mass shooting off some place, the reac- 
tion remains on your plate and is not cluttered up with a lot of other 


things. 
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Is that a difficulty that you are going to encounter here? 

Dr. Symon. I think that this particular difficulty will not be serious. 
The number of collisions is fairly small. This is one of the diflicul- 
ties with colliding beams in the first place. You need very intense 
beams in order to get enough collisions to look at. I think that we 
will not be seriously bothered by collisions that are occurring at other 

laces. 
, Representative Hosmer. No; I am talking about a particular col- 
lision which is one of tremendously greater impact, and one in which 
all the wreckage originates at the collision point and is presumably 
picked up on your plates. 

Dr. Symon. This is the collision you would like to study. Ideally, 
what you would like to be able to do, at least in this type of experiment 
is to see all of this wreckage, that is, all of the particles that come from 
one particular collision of two particular protons. 

Representative Hosmer. I wonder if you would get a glob there or 
would you get something out of that that was readable. 

Dr. Symon. No. I think you would get out a number of tracks 
coming from the site of the collision, but 1f one can make the vacuum 
in the vacuum tank good enough so that there are not also a lot of other 
collisions with gas molecules cluttering up the apparatus, then I 
believe it would be possible to identify the particles coming from one 
collision and attempt to analyze the collision. 

Representative Hosmer. You said that you could draw off a 15-Bev. 
beam and study it in the ordinary manner. 

Dr. Symon. Yes. 

Representative Hosmer. If you do that, could the machine be 
counterrotating or would it just have to be rotating in one direction ? 

Dr. Symon. I think one could not extract a beam at the same time 
that someone else was doing a colliding-beam experiment. This is a 
matter which we are not absolutely sure of, but it appears that if you 
had beams colliding in one region and an experiment was going on you 
probably would not care to have someone else accelerating other 
beams out through your experiment in order to get them out on 
target. 

Representative Hosmer. Is the model you are building now one 
step removed from the big one or would there be other models inter- 
vening ¢ 

Dr. Symon. I think there would probably not be any other com- 
plete operating models of this type. There would have to be large- 
scale models of the magnets. 

Representative Hosmer. The model that you have at the present 
time , what energies are you making? 

Dr. Symon. The radial sector model accelerates electrons up to 
400,000 volts. The spiral sector model accelerates them to 100,000 to 
150,000 volts, depending on just how the parameters are adjusted. 

Representative Hosmer. Are those usable in some small experiments 
or are they simply too low ? 

Dr. Symon. They are not used on any physics experiments. They 
are used on experiments having to do with how the accelerators behave. 

Representative Hosmer. Assuming that this machine were built and 
it were found that there were some insurmountable difficulty in using 
it for collision work and you had to go back and use it in the normal 
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accelerator fashion, would it be readily adaptable to increasing the 
energies, or are you limited to 15 billion electron volts? 

Dr. Symon. It would be a 15-Bev. accelerator but it would have a 
considerably more intense beam than other accelerators in that region. 
So that it would still be a very useful tool for research in the high- 
energy region. 

Representative Hosmer. I have one other question. If, somehow, 
you could rotate one of the counterrotating beams 180 degrees, would 
the result double your energy or would it just double the number of 
particles ? 

Dr. Symon. I think it would just double the number of particles. 

Representative Hosmer. Thank you. 

Representative Price. Mr. Ramey. 

Mr. Ramey. Is it possible to get any experimental proof on your 
two beams colliding without building your machine? Can you build a 
working model ? 

Dr. Symon. The model which I described, which we are in the 
process of constructing, will make it possible to accelerate electron 
beams in both directions. To that extent, it will be possible to verify 
that in that kind of a magnetic field, you can accelerate particles in 
both directions. 

If you are asking about whether one can do experiments on the elec- 
tron collisions, the problems involved there are considerably different 
from what they would be in a proton-proton collision and in general 
it turns out to be very much more difficult to experiment in this way 
because the probability of collision is even very much smaller than 
it is for protons. 

Mr. Ramey. Is it possible to get working models with protons 
without building the big machine? 

Dr. Symon. It would be possible to build a working model. One 
would have to build it at a fairly high energy. I think several Bev. 
The principal objection to this is that this now becomes a project 
which is just about as time consuming and on the same order of dif- 
ficulty as building one at 15 Bev. It would not use as much iron, but 
it would take about as much time. 

Representative Hosmer. Obviously your collisions, being random, 
you will not get them in the center of your plate, so will you be able 
from what you do get, will you be able to tell where in relation to 
the plate the collision occurred ? 

Dr. Symon. Yes. You would have two teams a few centimeters 
in diameter which will be colliding with each other at some fairly 
small angle, so that you will have a region perhaps an inch or so in 
diameter and a foot long within which the collisions will be taking 
place. So, in the first place, you will know within this degree of 
accuracy where the collision took place. 

In addition, if you are doing an experiment where you look at in- 
dividual tracks coming from a particular collision, you would then 
be able to identify even more accurately just from the direction of the 
tracks where the collision took place. 

Representative Hosmer. Thank you. ‘a 

Representative Price. Dr. Symon, in addition to the facilities you 
have at Madison, what support facilities would you need if the large 
accelerator were located there ? 
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Dr. Symon. We would need, in addition to the accelerator itself, 
a laboratory building which would be able to house the machine 
shops, the electronics shops, and all of the other associated facilities 
that would be used with the accelerator. 

Representative Price. Would these support facilities be included 
in the estimate of $100 million for the qecalarenen’ 

Dr. Symon. Yes, they are. 

Representative Price. They are included in that $100 million fig- 
ure ? 

Dr. Symon. Yes, sir. 

Representative Price. Are there any further questions? If not, 
thank you very much, Doctor, for your very fine prea 
Your complete statement will be made a part of the record. 

Dr. Symon. Thank you. 

(The statement referred to follows :) 


FIxep FIeLD ALTERNATING GRADIENT ACCELERATORS 


Keith R. Symon, professor of physics, University of Wisconsin; technical 
director, Midwestern Universities Research Association 


Further progress in the development of high-energy accelerators lies in the 
direction of increasing the intensity of the beams of high-energy particles avail- 
able from these accelerators and of increasing the energy which is available in 
the interactions of the accelerated nuclear particles. There are many experi- 
ments which could only be done, or which could more accurately be done, if a 
very intense beam of high-energy particles were available. As an example, 
there are experiments in which one wishes to study the interactions of a beam 
of one of the various kinds of newly discovered strange particles. A beam of 
such particles can only be obtained as a secondary product arising out of the 
interactions of an intense primary beam of protons with some target material. 
* If the secondary beam of strange particles is to be sufficiently intense to do cer- 
tain desirable experiments, then the primary beam of protons must be very in- 
tense indeed. It is also important to be able to study the interactions of nuclear 
particles at higher and higher interaction energies. In the past it has always 
been true that whenever we have pushed across a frontier into a new range of 
interaction energies, we have made new, interesting, useful, and often totally 
unexpected discoveries. The fixed-field alternating gradient (FFAG) principle 
and the principle of beam stacking in fixed-field accelerators, both of which have 
been under intensive study and development for the past 4 years by the Mid- 
western Universities Research Association, promise a considerable increase in 
both the beam intensity and energy available from high-energy accelerators. 
Theoretical studies and experiments with working models have demonstrated 
the validity of these principles, and it is now practical to begin the detailed 
design of such an accelerator. 

A fixed field accelerator is a circular accelerator in which the magnetic guide 
field is kept constant in time. Such accelerators possess a number of advantages 
over accelerators in which the magnetic field is pulsed. DC magnets are in 
several respects easier to design and maintain than pulsed magnets. There is 
less risk of insulation breakdown and metal fatigue which may result from the 
eontinual jarring to which pulsed magnets are subjected. Moreover, such fixed 
field accelerators lend themselves to a much larger and more flexible variety of 
accelerating schemes. This is because the DC guide field can be regarded as 
essentially a magnetic box which can hold particles at all energies from the low 
energy at which they are injected to the maximum energy at which they are 
allowed to strike the target. As the particles circulate in this magnetic box, they 
may be accelerated by whichever one of a large variety of accelerating schemes 
proves most advantageous. In contrast, in an accelerator with a pulsed mag- 
netic field, the accelerating system must accelerate the particles in such a way 
as to keep them precisely in step with the increasing magnetic field. 

A DC magnet which can contain particles over a wide range of energies from 
a low injection energy to a high output energy, must contain regions of weak 
magnetic field within which the low energy particles circulate and regions of 
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strong magnetic field within which the high energy particles circulate. The cen- 
tral problem in designing a fixed field accelerator is to find such an arrangement 
within which the particle orbits will be stable. This problem is solved by mak- 
ing use of alternating gradient focusing in order to stabilize the particle orbits 
against vertical and horizontal oscillations. Accelerators with DC magnetic 
fields designed in this way are called fixed field alternating gradient accelerators. 
abbreviated FFAG. 

The simplest kind of FFAG accelerator is the radial sector accelerator. Figure 
1 (p. 681) is a picture of a small model of such an accelerator which has been in 
operation for two years. A radial sector accelerator consists of a sequence of 
DC magnet sectors arranged in a ring. In figure 2 (p. 682) one of the magnets 
has been removed in order that one may see the vacuum chamber or donut within 
which the accelerated particles circulate. In this model electrons are injected 
with an energy of about 30,000 volts by an injector located at the inside of the 
donut. These injected electrons circulate around the inside in a weak magnetic 
field. As they are accelerated, their orbits expand into regions of higher and 
higher magnetic field until they reach the outside of the donut, when they have 
an energy of about 400,000 volts and are circulating in a strong magnetic field. 
In order to achieve an alternating magnetic gradient and thus stabilize the os- 
cillations of the particles in their orbits, the magnet sectors are arranged with 
alternately positive and negative magnetic fields. In the wide magnet sector, the 
magnetic field is directed down so as to bend the electron orbits around the center 
of the accelerator. In the narrow magnets, the magnetic field is upward and the 
orbit is convex toward the center of the accelerator, so that the orbit of the 
particle traces out a scalloped path. In a conventional alternating gradient 
synchrotron, the magnetic field gradient is made to alternate from sector to sector 
by having the strong magnetic field on the outside and the weak field on the in- 
side in one sector, while in the next sector the strong field is at the inside and 
the weak field is at the outside, the direction of the magnetic field being the same 
in both cases, i. e., for example always up. In a fixed field accelerator we cannot 
do this, since we always require that the weak magnetic field be at the inside 
and the strong field at the outside. In order to make the magnetic field gradient 
alternate, it is therefore necessary to make the magnetic field itself alternate in 
direction—up in one sector and down in the next sector. The only purpose of 
the narrow negative magnets is to make the orbits stable. If these magnets were © 
removed, the orbits would be unstable and electrons would fly out vertically. It 
is easy to see that the introduction of the negative magnets makes the orbit 
much larger in circumference than it would otherwise need to be. This is a dis- 
advantage of the radial sector type of FFAG accelerator. 

Another solution to the problem, which avoids the largest circumference asso- 
ciated with the radial sector accelerator, is the spiral sector magnetic field pat- 
tern. Figure 3 (p. 682) is a photograph of a small spiral sector electron acceler- 
ator which is now in operation. Notice that the magnet sectors spiral out from 
the inside of the donut to the outside. In this case we need only positive magnet 
sectors. The negative magnet sectors are here replaced by field free regions in 
which there is no magnet. The orbit is then concave toward the center of the 
accelerator within the magnet sectors and the particles travel straight across the 
field free regions between the magnets. It is easy to see that the total orbit cir- 
cumference in an accelerator of this type will be much less than in a correspond- 
ing accelerator of the radial sector type. The particles, however, still experience 
an alternating magnetic gradient as they travel around the orbit, for when a 
particle leaves the magnet it sees a strong magnetic field on its left, whereas 
when it enters the next magnet, it sees a strong magnetic field on its right. For 
a given magnetic field intensity, a radial sector FFAG accelerator will have a 
diameter three to four times as great as a conventional alternating gradient ac- 
celeraor designed for the same energy. The diameter of a spiral sector acceler- 
ator on the other hand will be only slightly larger than a conventional alternating 
gradient accelerator at the same energy. 

The chief advantage of FFAG accelerators lies in the great flexibility which 
they afford in the choice of the acceleration scheme by which energy is imparted 
to the particles in order to accelerate them from the injection energy to the out- 
put energy. FFAG magnetic field patterns may therefore be used to advantage 
in all types of accelerators. They may for example be used to increase the in- 
tensity and the energy in constant frequency cyclotrons. There are now a num- 
ber of groups working on the design of spiral sector cyclotrons including a group 
at the Oak Ridge National Laboratory which is designing a 9 hundred million 
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volt cyclotron. FFAG betatrons may be constructed in which the particles are 
accelerated in the FFAG guide field by means of a magnetic core linking the 
donut which functions essentially like a transformer in which the circulating 
electron beam behaves as the secondary winding of the transformer. This beta- 
tron method of acceleration was the one which was first used on the electron 
model accelerators and the betatron core which links the donut can be seen in 
figures 1 and 3 (pp. 681 and 682). It now appears that FFAG betatrons can be 
constructed whose output beam intensity will be many hundreds of times greater 
than the beam intensity from conventional betatrons. FFAG accelerators, in 
which particles are accelerated by means of synchronous alternating radio fre- 
quency electric fields, we call FFAG synchrotrons, in analogy with the more con- 
ventional synchrotrons like the Cosmotron, the Bevatron, and the new alternating 
gradient synchrotron, which utilize this method of acceleration. Very high 
energy accelerators are almost necessarily synchrotrons. Hence, I shall confine 
my discussion to FFAG synchrotrons. 

One of the great advantages of FFAG synchrotrons over pulsed field syn- 
chrotrons is that it appears possible to generate very much larger currents of 
high energy particles. This is essentially due to the possibility of building up 
large currents of circulating particles within the evacuated donut. As an 
example of the way in which large currents can be built up in an FFAG syn- 
chrotron, let us consider the acceleration process shown in figure 6. In this case 
particles are injected at the inside of the donut at an energy of 50 million volts 
and are to be accelerated to an energy of 15 Bev. We may accelerate the in- 
jected particles by means of a frequency modulated radio frequency voltage in 
just the same way as they are accelerated in a conventional synchrotron. Let us 
suppose that the frequency is modulated until the particles have reached an 
energy of say 500 million volts. The accelerating voltage is then turned off 
and the particles are left coasting at this voltage. Meanwhile a new pulse of 
particles is injected, the frequency modulation cycle is repeated and the second 
pulse of particles is accelerated to 500 million volts and deposited alongside the 
first. This process may be repeated a large number of times and in this way 
a number of injected pulses may be “stacked” at an energy of 500 million volts 
within the accelerator. Since it takes only a short time to accelerate particles to 
an energy of 500 million volts, the process can be repeated very rapidly, for 
example at 30 pulses per second. We then have a second frequency modulated 
voltage so arranged as to pick up a group of particles at 500 million volts and to 
accelerate them to an energy of 3 billion volts. This process takes longer because 
the energy which is given to the particles is greater, and it may therefore be 
repeated less often, perhaps six times per second. Each time, five originally in- 
jected pulses, which have been stacked at 500 million volts, will be accelerated to 
3 billion volts. 

The process may be repeated again with a third frequency modulated voltage 
accelerating particles from 8 billion volts to the output energy, 15 billion volts. 
This process takes still longer and need be repeated only once per second. The 
net result is that the total current accelerated to 15 billion volts corresponds to 
30 injected pulses per second whereas in a conventional pulsed field synchron- 
tron, only about one pulse every five seconds can be accelerated. It is this in- 
crease in the number of injected pulses which can be accelerated per second which 
results in the greater beam intensities available from FFAG accelerators. 

If a large number of pulses of injected particles were to be accelerated to a 
high energy, say 15 billion volts, and left coasting within an FFAG accelerator, an 
extremely large current of circulating particles could theoretically be built up. 

Calculations indicate that currents of the order of hundreds of amperes of 15 
billion volt protons could be built up in a practical FFAG accelerator. Note that 
this is a circulating current within the accelerator and is not the output current 
which would strike a target if the beam were extracted. The protons which 
circulate within the accelerator go around over a quarter million times per 
second, and hence each proton is counted many times in the total circulating 
current. Achievement of circulating currents of this order of magnitude would 
make practical the very exciting possibility of allowing two such large currents 
of particles traveling in opposite directions to interact with one another. In 
order to appreciate the advantage of colliding beams, it is necessary to under- 
stand that what counts in an interaction of two nuclear particles is what is called 
the “center of mass energy” or the “available energy.” When a fast moving 
billiard ball strikes a stationary billiard ball, much of the energy of the first ball 
simply goes to driving the second ball forward and only a fraction of the energy 
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is “available” for compressing the billiard balls, producing a noise, ete. When a 
high energy nuclear particle from an accelerator strikes a stationary target 
particle, the same sort of situation obtains except that it is aggravated by the 
relativistic increase in mass of a particle which is moving with a velocity near 
the speed of light. 

Thus for example, a 30-billion-volt proton weighs over 30 times as much as 
a proton at rest, and hence we should compare such a collision not to a collision 
of two billiard balls, but rather to a collision of a cannonball with a billiard 
ball in which it is clear that only a very small fraction of the energy of the 
cannonball is available for deforming the billiard ball or denting the cannon- 
ball while most of the energy is simply contained in the forward motion of 
the balls. This fact is illustrated in table I (p. 685) where in the first column 
we show the energy which is available in a reaction of two particles, and in 
the second column, the energy of an accelerator beam which would be required 
against a stationary target in order to produce this much available energy. 
Notice that the required accelerator energy goes up very rapidly while the avail- 
able energy goes up only very slowly. Thus for example, the Cosmotron accele- 
rates protons to an energy of 2.9 billion volts; the available energy when they 
strike a target is 1.1 billion volts. The Bevatron, at an energy of 6.2 billion 
volts, produces an available energy of only 2 billion volts—barely enough to 
produce a proton antiproton pair. The new 12.5 billion volt accelerator, whose 
construction at the Argonne National Laboratory has recently been authorized, 
will produce an available energy of 3.2 Bev. The alternating gradient synchro- 
tron being constructed at Brookhaven will accelerate protons up to 33 billion 
volts, with an available energy of 6.2 billion volts. Since the available energy 
is going up very slowly, and since the cost of high energy accelerators increases 
fairly rapidly with the energy, it is clear that it is not economical to go much 
beyond presently contemplated energies in conventional types of accelerators. 
The 50 billion volt accelerator, which the Russians are reported to be planning, 
will be almost twice as large as the Brookhaven alternating gradient synchro- 
tron and will require several times as much iron and copper, and yet will pro- 
vide only a small increase in the available energy in the reaction. On the 
other hand, if two protons traveling in opposite directions with equal energies 
collide, then all of the energy may be available in the interaction. The third 
column in table I (p. 685) shows the accelerator energies which would be re- 
quired in a colliding beam accelerator. 

Thus for example, if two 15 Bey. beams can be made to collide, the available 
energy in the interaction will be 30 Bev., which represents a very great increase 
over the energy available from present day accelerators. Such interactions 
could only be achieved by a conventional accelerator of 540 Bev., which would 
be so large and expensive as to be out of the question. The number of collisions 
which take place between protons in oppositely circulating beams is relatively 
very small. Two protons circulating around an accelerator in opposite direc- 
tions would need to pass each other an average of more than 10°5 times before 
they would collide. However, if the beam currents can be made as large as 
say 50 amperes per square centimeter, then the number of collisions is high 
enough to make such an experiment practical. With two 50-ampere beams of 
15 Bev. protons in one square centimeter cross section, there would be approxi- 
mately a million collisions per second within a distance of 10 centimeters in 
the interaction region. In order to utilize colliding beam accelerators, new 
experimental techniques will be needed. Many of these techniques are already 
available. Many other experimental devices, which are now under develop- 
ment by various groups, will be applicable to colliding beam experiments. One 
of the most important requirements for colliding beam experiments is the pro- 
duction of a very high vacuum within the accelerator vacuum chamber in order 
that undesired background collisions between the circulating protons and the 
few gas molecules remaining within the vacuum chamber may be reduced to a 
minimum. High vacuum techniques being developed, particularly in connection 
with the thermonuclear program, now make it possible to achieve the required 
degree of vacuum. 

There are several possible geometrical arrangements by which high intensity 
high energy beams may be made to collide. One of the first to be suggested is 
shown in figure 8 (p. 686) in which two spiral sector accelerators are constructed 
tangent to one another in such a way that the high energy orbits in the two 
accelerators coincide at the common point of tangency. A beam of circulating 
protons would be built up in each accelerator in Such a way that the oppositely 
directed beams collide in the tangent region. More recently it has been shown 
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that it is possible to construct a single radial sector accelerator in which beams 

ean be simultaneously accelerated in opposite directions as shown in figure 

9 (p. 687). Figure 9 is a drawing of a model of a two-way radial sector accelerator 

which is now under construction. In the two-way accelerator the oppositely 

directed beams intersect between each pair of magnets, and colliding beam experi- 

ments can be performed at any one or several of these points. Since the two-way 

accelerator is necessarily of the radial sector type, it will be larger than the 

tangent ring spiral sector accelerators. This disadvantage, however, is offset by 

its greater simplicity of design and construction, and, more important, by the 

greater ease and flexibility with which experiments can be performed with it. 

It should be pointed out, of course, that a high energy accelerator of either the 

tangent ring or the two-way type would furnish not only the possibility of 

considerably increased available energies by utilizing colliding beams, but would | 
also be available as a single high energy accelerator which could produce an 
intense output beam many times greater than those available from accelerators | 
of more conventional type. In figure 10 (p. 688) we show an artist’s conception of 

what a two-way Bev. radial sector colliding beam accelerator installation 

might look like. The accelerator would be about 1,200 feet in diameter and 

would weigh about 50,000 tons. 

The Midwestern Universities Research Association is carrying on both an 
experimental and theoretical program of research in the area of FFAG accelera- 
tors. Experiments on the two models, which have already been constructed, have 
confirmed the fundamental principles involved in FFAG magnetic field patterns 
and in the processes of acceleration by means of beam stacking on which the 
proposals for increased intensities and for colliding beams are based. ! 

Both the radial sector model, which has been in operation for two years, and i 
the spiral sector model, which has been in operation for six months, have proved | 
to be extremely stable and reliable in operation. Both accelerators operated | 
satisfactorily with beam accelerated to full energy when they were first turned 
on and without any adjustments in magnetic field patterns. Both have given 
continuous and virtually trouble free operation since. Measurements of their 
performance have given quantitative agreement with theoretical predictions. 
As one example of the experimental work which has been done, we see in fig- 
ures 4 and 5 (pp. 690 and 691) the results of resonance surveys on the radial 
and spiral sector models. In these surveys the design parameters of the acceler- 
ators are varied in such a way as to change the horizontal and vertical fre- 
quencies of oscillations of the electron beams within the accelerator. The rela- 
tive intensities of the output beam are then plotted as a contour map versus 
the frequency of horizontal oscillations which is plotted horizontally, and the 
frequency of vertical oscillations which is plotted vertically. Theory predicts 
a number of resonance lines which are shown on the survey charts, along 
which the orbits may be unstable and it is possible to predict theoretically the 
relative degree of instability that may be expected along each resonance line. 
The results of the resonance surveys bear out the theoretical predictions. 

Other experiments in the synchronous radio frequency acceleration of elec- 
tron beams in the radial sector model have confirmed the theoretical predic- 
tions upon which the possibility of beam stacking is based. Figure 7 (p. 693) 
shows an oscillograph obtained in an elementary beam stacking experiment. 
The horizontal axis represents essentially the energy of the beam, increasing 
toward the left. To begin with, a group of particles is coasting within the 
accelerator at an energy represented by the position of the pulse in the upper 
trace. By means of a frequency modulated radio frequency voltage program, 
most of these particles were accelerated to a higher energy represented by the 
leftmost pulse in the second trace. Four repetitions of the same frequency 
modulation cycle accelerated most of the remaining particles to the higher 
energy, at the same time displacing the first pulse of particles downward in 
energy (i. e., to the right) to make room for them, as shown in the third trace. 
The fourth and fifth traces show the results of repeating the cycle seven and 
ten times respectively. The behavior of the various groups of accelerated par- 
ticles in this experiment was in accord with theoretical predictions. 

Other experiments which have been performed include sensitivity to magnet 
imperfections and misalignments, effects of varying design parameters, life- 
times of stacked beams at various vacuum levels, limitations on beam current 
due to space charge, and achievement of very large duty factors with betatron 
acceleration. 
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The new model two-way accelerator now under construction is expected to 
accelerate currents of electrons of the order of 50 amperes to an energy of 50 
Mey. It will be possible simultaneously to accelerate beams of electrons travel- 
ing in opposite directions. In addition to the experience gained in constructing 
and operating an accelerator of this type, it is anticipated that interesting ex- 
periments can be carried out on the properties of the relativistic plasmas which 
will be generated when the residual gas in the vacuum tank is ionized by the 
electron beam. 

In addition to the design of these models, the MURA theoretical program has 
been directed toward the development of analytical methods and digital com- 
puter methods for designing FFAG accelerators and for predicting their perform- 
ance. In particular, methods have been developed for computing the magnetic 
field that will be produced by any given arrangement of magnets, for computing 
the orbits of particles within such magnetic fields, and for computing the way 
in which these particles would be accelerated by any proposed radio frequency 
acceleration program. Analytical techniques have been developed which make 
it possible to produce engineering formulas for predicting the properties of the 
particle orbits and for designing acceleration schemes utilizing beam stacking. 
These methods have been advanced to the point where it is now possible to carry 
through the detailed design of large scale FFAG accelerators. 


PUBLICATIONS ON FFAG ACCELERATORS BY MEMBERS OF THE MIDWESTERN 
UNIVERSITIES RESEARCH ASSOCIATION 


Attainment of Very High Energy by Means of Intersecting Beams of Particles. 
D. W. Kerst, F. T. Cole, H. R. Crane, L. W. Jones, L. J. Laslett, T. Ohkawa, 
A. M. Sessler, K. R. Symon, K. M. Terwilliger, Nils Vogt-Nilsen. Physical 
Review, April 1956. 

Fixed Field Alternating Gradient Particle Accelerators. D. W. Kerst, K. R. 
Symon, L. J. Laslett, L. W. Jones, and K. M. Terwilliger. CERN Symposium,’ 
1956. 

A Small Model Fixed Field Alternating Gradient Radial Sector Accelerator. 
L. W. Jones and K. M. Terwilliger. CERN Symposium,’ 1956. 

Properties of an Intersecting Beam Accelerating System. D. W. Kerst. CERN 
Symposium,’ 1956. 

Methods of Radio Frequency Acceleration in Fixed Field Accelerators With 
Applications to High Current and Intersecting Beam Accelerators. K. R. 
Symon and A. M. Sessler. CERN Symposium,’ 1956. 

Spiral Sector Magnets. D. W.Kerst. CERN Symposium,’ 1956. 

Particle Orbits in Fixed Field Alternating Gradient Accelerators. L. J. Laslett 
and K.R. Symon. CERN Symposium,’ 1956. 

Fixed Field Alternating Gradient Particle Accelerators. K. R. Symon, D. W. 
Kerst, L. W. Jones, L. J. Laslett, and K. M. Terwilliger. Physical Review, 
October 1956. 

Fixed Field Alternating Gradient Accelerators. L. J. Laslett. Science, October 
1956. 

Experimental Test of the Fixed Field Alternating Gradient Principle of Particle 
Accelerator Design. L. W. Jones and K. M. Terwilliger. Review of Scientific 
Instruments, 1956. 

An Electron Model Fixed Field Alternating Gradient Accelerator. F. T. Cole, 
R. O. Haxby, L. W. Jones, C. H. Pruett, and K. M. Terwilliger. Review of 
Scientific Instruments, June 1957. 

Two-Beam Fixed Field Alternating Gradient Accelerator. Tihiro Ohkawa. Re- 
view of Scientific Instruments. To be published about February or March 
1958. 

Beam Stacking Experiments in an Electron Model FFAG Accelerator. K. M. 
Terwilliger, L. W. Jones, and C. H. Pruett. Review of Scientific Instruments, 
December 1957. 

Operation of a Spiral Sector Fixed Field Alternating Gradient Accelerator. D. W. 
Kerst, H. J. Hausman, R. O. Haxby, L. J. Laslett, F. E. Mills, T. Ohkawa, 
F. L. Peterson, A. M. Sessler, J. N. Snyder, and W. A. Wallenmeyer. Letter 
to the Editor, Review of Scientific Instruments, November 1957. 


age we of CERN Symposium on High Energy Accelerators and Pion Physics, June 
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(Following is a translated excerpt from an article published in 
the Soviet newspaper, Pravda, on March 29, 1958 referred to on p. 647, 
covering remarks by V. I. Veksler, corresponding member of the 
Academy of Sciences of the U. S. S. R., at a recent annual assembly 
of the academy :) 


THE PROBLEM OF ACCELERATION OF ATOMIC PARTICLES 


During the last annual assembly of the Academy of Sciences of the U. 8. S. R. 
[concluded March 28, 1958], Corresponding Member of the Academy V. I. Veksler 
gave a report on the present status of the problem of acceleration of atomic 
particles. 

He pointed out that experimental physics attained extraordinary success in 
artificial production of “elementary” particles endowed with energy of many 
billion electron-volts. This made it possible to investigate a number of pheno- 
mena which are of principal significance for atomic nuclei physics and natural 
sciences as a whole. Discovery was made of the existence of heavy neutral 
mesons, antiprotons, and antineutrons. Physics of high-energy particles—a new, 
perhaps the most promising field of modern nuclear physics—came into being. 
This is also true of an independent branch of experimental physics dealing with 
accelerators. This branch relies on the most recent achievements in electronics 
and is most closely connected with highly developed electrical and electronics 
industry. 


PRESENT-DAY APPARATUS FOR ATOMIC NUCLEI STUDIES 


V. I. Veksler presented a detailed review of history of the problem under dis- 
cussion. He emphasized that a rapid progress in nuclear physics was accom- 
panied by designing and building of manmade nuclear “artillery,” i. e., appara- 
tus permitting to impart high energy to the atomic particles—electrons and 
protons. He spoke of various accelerators of charged particles, including appara- 
tus based on the so-called principle of “automatic phase control,” first suggested 
in the U. S. S. R. by V. I. Veksler and—somewhat later—in the United States by 
MacMilian. 

The report contained data on synchrotrons—cyclie accelerators of electrons— 
and phasotrons or synchrocyclotrons used for acceleration of protons, heavy 
water, and alpha particles and for production of mesons. By this time there 
are in operation more than 10 phasotrons on the globe, the largest one having 
been built in the U. S. 8S. R. 

There is another type of accelerators—synchrophasotrons. They include 3 
billion electronvolt American-built cosmotron, 6.3 billion electronvolt American- 
built bevatron, and a Soviet-built synchrophasotron producing a 10 billion elec- 
tronvolt proton beam. This accelerator is run by the United Institute of Nuclear 
Research in Dubna and is already in use for physical experiments, the scope of 
which will expand rapidly. 

Thereupon the speaker touched upon difficulties handicapping a further in- 
crease in energy yielded by accelerators of atomic particles. 

An increase in energy of particles and a corresponding lengthening of accel- 
erator orbit brings forth the necessity to raise both the height and the width of 
the space region in which they move. This leads to a higher electromagnet 
weight. The width of the “path” along which particles move in the synchro- 
phasotron of the United Institute of Nuclear Research is about 1.5 meters. 
Should we desire to raise the maximum energy of particles to 30-50 billion 
electron-volts, applying the same principle on which a synchrophasotron is based, 
we would have to build an electromagnet weighing close to 1 million tons, which 
evidently is utterly out of consideration. 

A few years ago a group of American physicists suggested a clever idea for 
overcoming this difficulty. The method they worked out has been termed the 
strong focusing. At the present, a number of countries are engaged in either 
designing or building accelerators based on the principle of strong focusing. 
The Soviet Union is also designing a 50 billion electron-volt accelerator where 
this method is employed. Analogous type accelerators calculated for 30 billion 
electron-volt energy are being built in Switzerland and the United States. 

The speaker claimed that the application of this method, in spite of all its 
cleverness, would permit to raise the maximum energy of accelerated particles 
only a few times. To solve the problem of a sharp increase in intensity of their 
beams and transition to particles endowed with energy of hundreds and thou- 
sands billion electron-volts, new ways and means are to be sought. 
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A LOOK INTO THE FUTURE 


A substantial portion of V. I. Veksler’s address, containing, in his words, a 
relatively high amount of fantasy, dealt with accelerator development prospects. 

He told about an idea of tying together in a surprising manner the problems 
of obtaining both high currents and high energy of accelerated particles. The 
speaker indicated that the researcher ordinarily employs an accelerated particle 
as-a “missile,” the objective being to produce effect upon a particle at rest, 
employed as a target, and to observe dispersion of particles, generation of mesons, 
antinucleons, ete. 

“But why must a target remain by all means at rest?” the scientist asked. 

It was found that it becomes possible to observe processes taking place when 
ultrahigh energy is applied if only the target, which until then had always re- 
mained at rest, begins to move at a high rate of speed toward the beam of par- 
ticles employed as a “missile.” It can be demonstrated that if two protons—each 
endowed with energy of, for example, 10 billion electron-volts—collided, the 
whole interaction process would take such a form as if one of them were at rest 
while the other moved with energy equal to approximately 200 (!) billion elec- 
tron-volts. Thus, by forcing high-energy beams of particles to move toward 
each other and by observing processes taking place upon collision of particles, 
we will be able to investigate phenomena which would take place if we had at 
our disposal an accelerator that is producing ultrahigh energy equal to twice the 
product of energy of particles in each counterbeam taken separately. 

“Such a method of implementation of processes which only could be caused by 
ultrahigh-energy particles to me appears quite promising,” the speaker said. 
“Yet in order to implement actually the method of counterbeams, it is necessary 
to raise instantaneous currents produced by modern accelerators as much as 
500—1,000 times.” 

V. I. Veksler referred to ingenious ideas in connection therewith. In the 
U.S. S. R. in 1953, V. A. Petukhov, M. S. Rabinovich, and A. A. Kolomenskiy and 
in the United States somewhat later Kerst, Simon, and other physicists suggested 
new magnetic systems with time-constant magnetic field permitting to expect a 
substantial rise in the current of accelerated particles. 

The scientist further told about novel ideas in physics of accelerators belonging 
to the range of phenomena where one has to take into account a collective inter- 
action of particles. 

Ya. B. Fainberg, doctor of physical-mathematical sciences, pointed out in 1956 
that there existed a possibility of employing plasma, either at rest or in motion, 
placed in longitudinal magnetic field. Prof. G. I. Budker suggested another 
interesting idea. 

Thereupon V. I. Veksler presented his own idea of a novel principle of accelera- 
tion of atomic particles, known as the coherent principle. Its main advantage is 
that it permits acceleration of clusters of plasma made up of a great number of 
particles, in addition to acceleration of charged particles. In principle, this 
method permits the consideration of a possibility of acceleration of particles to 
attain energy of 1,000 billion electron-volts and even higher. 

In conclusion, the scientist indicated that the important role of plasma proc- 
esses in nature has been becoming increasingly clear as of lately. A few years 
ago attention was called to the possibility of generation of electromagnetic 
Cherenkov radiation based on plasma motion in the magnetic fields of stars. In 
astrophysics, the problem of acceleration of charged particles is most intimately 
associated with peculiar properties of plasma. The endeavor to attain tremen- 
dous energy of millions of billions of electron-volts which is, by some mechanics 
unknown to us, generated in cosmic space and to use these artificial “missiles” 
for the study of the nature of “elementary” particles are the two problems of 
utmost interest which are faced by physicists and engineers working in this 
enticing branch of science. 


(Following is a translation of an interview with Prof. D. I. Blok- 
hintzev, director of the United Institute of Nuclear Research of the 
U.S. S. R., published in Soviet Russia in December 1957. The inter- 
view serves as a brief report on the proceedings of a session of 
the Learned Council of the Institute.) 


Witn DuBNA PHYSICISTS 


Extensive work on the study of the elementary particles and atomic nucleus is 
being conducted by the United Institute of Nuclear Research located in the 
small town of Dubna near Moscow. Here, at the great physical accelerating 
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unit and the laboratories filled with miscroscopes, oscillographs, and complicated 
electronic equipment work in close friendly cooperation physicists of 12 Social- 
ist nations. 

In connection with the recently held session of the Learned Council, we asked 
Prof. D. I. Blokhintzev, director of the United Institute, to tell us of the major 
results of the completed work. 

“At the session of the Learned Council of the United Institute,” said Prof. 
D. I. Blokhintzev, “were discussed the results of last year’s work and pospects 
for the future activity of our scientific organization. Several scientific reports 
were read.” 

Director of the Laboratory of High Energies, Corresponding Member of the 
Academy of Sciences, U. S. S. R., V. I. Veksler spoke of the work proceeding on 
the extremely complex atom apparatus, a 10 billion electron-volt accelerator put 
into operation several months ago. Work is conducted at the present time to- 
ward systematic increase of proton beam intensity produced by this huge “physi- 
‘al instrument.” At the same time, physicists started to make use of the ac- 
celerator. A number of experiments were conducted during which the proton 
beam bombarded thick emulsion layers, placed in the accelerator, with 9 billion 
electron volts. 

K. D. Tolstov, candidate of physical and mathematical sciences, reported on 
the first results of such “palpation” of microcosm by means of particles—‘“mis- 
siles,” accelerated by synchrophasotron. A detailed study of the phenomena 
in the emulsion layers subjected to irradiation is being conducted. These unique 
photoplates show the so-called stars—tracks of nuclear explosions which take 
place in the world of particles which are a millionth part of a millionth part of 
1 millimeter in size. It was observed in particular how superfast protons, while 
bombarding atomic nuclei, heated them to dozens of billions of degrees and 
caused complete splitting of nuclei—“targets” into their component protons and 
neutrons in other instances, on the contrary, protons—‘missiles” gave up their 
energy for a simultaneous formation of a great number of fast mesons almost 
without heating them, and at the same time, without destroying the nuclei— 
“targets.” 

The study of these phenomena will lead to a better understanding of the laws 
of interaction between elementary particles as well as of the structure of atomic 
nuclei. Young physicists of China and Bulgaria participated in this work to- 
gether with the Soviet physicists. 

Start of operations of the synchrophasotron opens potentialities for the 
search of new elementary particles. The study of microscopic particles, already 
known to the physicists, when subjected to superhigh energies will be also de- 
veloped further. 

At the present time, the Laboratory of High Energies is being equipped with 
a number of new instruments and installations designed to record the minutest 
details and characteristics of the phenomena of microcosm. 

While the 10 billion electron-volt synchrophasotron has been placed in opera- 
tion only recently, the other atom apparatus, the synchrocyclotron of the Insti- 
tute, is already 8 years old. During the years of operation of this accelerator 
the staff of the Laboratory of Nuclear Problems, using up to 17 “beams” of 
various particles, such as protons, neutrons, and mesons of diverse energies, 
have conducted a considerable number of researches well publicized both here 
and abroad. During the current year work was conducted to further the inten- 
sity of the beams of microparticles being created by the accelerator. This per- 
mitted, as it was noted at the Learned Council, to conduct a number of interest- 
ing experiments. 

Prof. V. P. Dzhelepov, director of the Laboratory of Nuclear Problems, sub- 
mitted to the Learned Council new data on the study of the processes of the 
formation of the main carriers of nuclear force, pi-mesons, in interaction be- 
tween neutrons and protons with protons. In other experiments there was ob- 
served a knockout of deutrons, nuclei of heavy hydrogen, from the atom nuclei 
of light elements. A study was also conducted of the process of peculiar repro- 
duction of pi-mesons in which there appeared 2 mesons instead of 1. All these 
experiments produce valuable material contributing to the understanding of the 
nature of nuclear forces and permit gaining possession of more precise quantita- 
tive data on these forces. 

Besides the above, experiments were also conducted in the study of new and 
unusual properties of the so-called mu-mesons, these properties being of great 
interest to the physicists. In the future, together with the development of the 
above-mentioned work, it is contemplated to center attention on the study of 
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atomic particles subjected to polarization, i. e., particles, the rotation of which 
has an orderly character. These researches will increase our knowledge of the 
forces which bind the particles in an atomic nucleus. 

Reports were also read at the Scientific Council by staff members of the Lab- 
oratory of Nuclear Problems M. Petrashku (Rumanian), Soviet physicists V. B. 
Flyagin, B. S. Neganov, and by others. 

The Learned Council discussed with interest the activity of the Laboratory of 
Theoretical Physics recently formed at the Institute. Academician N. N. Bogo- 
lyubov, the head of this laboratory, read at the conference of the council a re- 
port on substantial research conducted on the problem of superconductivity. 
This phenomenon, which was an enigma for many years to the physicists, has 
been finally completely explained. Considerable production shown by the new 
laboratory was noted at the council, as well as the importance of the problems 
with which it is confronted. Theorists of this laboratory will use modern elec- 
tronic equipment for their complicated calculations. The goal of the scientific 
staff of this laboratory is to interpret the experimental data obtained by means 
of accelerators and to pose new problems for the experimenters. The theorists 
will have to take part in the development of new theories on nuclear phenomena, 
nuclear forces, and elementary particles. This is one of the urgent problems of 
modern physics. 

Foreign scientists attending the conference of the council marked the import- 
ance of the past session, and had a high praise for the quantity and quality of 
the work performed by the institute. Prof. L. Infel’d, a noted Polish scientist, 
for instance, wittily remarked that in the creative atmosphere of the session he 
felt a continuous flow of energy, or, using the language of physicists, he was in 
“a state of excitation,” which could not but upon his return home, be manifested 
in corresponding “radiation,” i. e., the propagation of new scientific ideas. 

“The United Institute,” Prof. D. I. Blokhintzev said in conclusion, “establishes 
very close contact with the major research centers of nuclear physics. It ex- 
changes its findings with many scores of scientific institutions of the Socialist 
nations. There is also an active exchange of scientific information with the 
physicists of many other nations. The scientific staff of the United Institute 
of Nuclear Research has as its goal further mastery of the depths of the matter, 
and the study of atomic forces in the interest of peace and progress.” 


Representative Price. The subcommittee will reconvene in this 
same room tomorrow morning at 10 a. m., for the final session of the 
current series of hearings in the basic research program. 

Dr. Allen T. Waterman, Director of the National Science Founda- 
tion, will be the first witness. Dr. Paul MacDaniel, Acting Director 
of the AEC Research Division, will make a presentation on the re- 
search program as a whole. 

The hearings will conclude with a general discussion of the research 
program and the level of support needed. 

The committee will be in recess until tomorrow morning. 

(Thereupon, at 3:40 p. m., Thursday, February 13, 1958, the com- 
mittee recessed, to reconvene at 10 a. m., Friday, February 14, 1958.) 
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FRIDAY, FEBRUARY 14, 1958 


ConereEss OF THE UNITED SraTes, 
SUBCOMMITTEE ON RESEARCH AND 
DEVELOPMENT OF THE JOINT 
ComMiITrEE oN Aromic Enerey, 
Washington, D.C. 

The subcommittes met at 10 a. m., pursuant to recess, in room 457, 
Senate Office Building, Hon. Melvin Price (chairman of the sub- 
committee) presiding. 

Present: Representatives Price (chairman of the subcommittee), 
Durham (chairman of the Joint Committee), Hosmer, and Senator 
Dworshak. 

Present also: James T. Ramey, executive director, and George E. 
Brown, Jr., professional staff member, and Richard Smith. 

Representative Price. The committee will be in order. 

This is the final day of public hearings by the Research and Devel- 
opment Subcommittee on the basic research program as it relates to 
the atomic energy field. Discussions this morning will cover the 
broader aspects of basic research and will help serve as a review of 
detailed testimony we have been receiving from laboratory and uni- 
versity scientists during the past 2 weeks. The discussions will in- 
clude an examination of the present AEC physical research program 
and the level of support needed. 

We are privileged to have as our first witness this morning Dr. 
Alan T. Waterman, Director of the National Science Foundation, who 
will present his views on some of the more important aspects of basic 
research and their relations to the Nation’s future strength and 
security. 

We will then hear from Dr. Paul W. McDaniel, Acting Director, 
Division of Research in the AEC, who will discuss the physical re- 
search program in some detail. 

Dr. Waterman, we are glad to have you with us this morning. We 
understand that you are working on a very tight schedule this morn- 
ing and we will certainly try to cooperate with you as you have shown 
such willingness to cooperate in our hearings. 


STATEMENT OF DR. ALAN T. WATERMAN, DIRECTOR, NATIONAL 
SCIENCE FOUNDATION 


Dr. Waterman. Thank you, sir. 

Representative Price. I understand that you have a speaking en- 
gagement this afternoon. 

Dr. WaTerMAN. That is right. 
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Representative Price. Will you proceed, then, with your statement, 
Doctor. 

Dr. WaterMAN. Thank you, Mr. Chairman. I am very glad, in- 
deed, of this opportunity to speak about basic research to this com- 
mittee. I know that basic research is not a new story to you people. 
You know a great deal about it. 

I thought I would start with general remarks which I think are 
very pertinent right now because of the great importance of science 
in the world today. When I say that I really mean science and 
technology, of course. 

A man visited me a while ago who traveled all over the world and 
who remarked that there is one thing, and one only, on which the 
nations of the world seem to agree at the moment, and that is the 
importarce of science and technology for their future. This is true 
whether for defense or their economic strength and development. 

So it is a very important matter and it certainly is to this country. 
We have always been leaders in technology and we still have a vast 
amount of strength there. 

We have, since the beginning of this century, developed our strength 
in basic research continuously until during the last 10 or 20 years we 
have been among the tops in basic research and, in the results which 
we have been obtaining in basic research, we still are there. However, 
the future of the development of basic research in this country is going 
to depend upon the extent to which we can reach competent young 
people who have aptitudes for science and see to it that they are en- 
couraged and have opportunity to go into this field. It is only in this 
way that we can keep the supply of manpower that we need for the 
purpose. 

Basic research is the road to the development of scientists and engi- 
neers, especially in our colleges and universities, because every scientist 
and engineer starts his career if he is going into advanced training by 
basic research. It is here that he lays the foundation for his future 
development and his future competence. So this is a very critical com- 
modity, one might say, in the whole field. 

I won't try to start with any basic research meaning other than to say 
that the generally accepted use of the term which we use in our survey 
of the funds which are going into research and development, both in 
industry and colleges and also in the Gover nment, is simply that type 
of research where the individual who is doing it is concerned pri- 
marily with new understanding of nature or new discovery of nature, 
and whether this is going to be practical or not is a secondary matter 
tohim. His primary objective is to discover something original, some- 
thing new about nature, and that would, of course, include man if he 
is in the field of biology. 

It may help to think of the reasons w hy we support basic research. 
I like to think of them in three categories. 

The first is basic research for the sake of progress in science itself. 
This is a matter which has to be determined by the scientists. They 
alone know the directions in which to move to increase their under- 
standing of nature and make science progress. So that at all times we, 
in the Foundation and other agencies, are interested to know what 
scientists think are the right directions to move. 
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Nuclear physics is one of these fields because it is one of the most 
fundamental subjects in basic research to the physicist. We have got- 
ten down to the nucleus now and we are trying to find out its composi- 
tion, how it is made and how it behaves. Until we can understand that 
we are limited in our use of the nucleus. We already have seen very 
sensational applications, but we have only started to understand this. 
So this belongs in the field I speak of; namely, a field where there is 
great promise for the sake of development of science itself. 

Other studies of that sort would be, for example, fundamental 
genetics, where one is concerned to find out just how the genetics field 
can develop. 

A second category in pure science would be areas of interest in basic 
research because of future applications of developments that may 
occur. A typical example of this is the basic research done by a tech- 
nical industry where they do the basic research for the sake of what 
may come out of it to guide them in future developments and items 
for production by the firm. 

This point of view is also to a great extent shared by agencies with 
practical missions, such as the Department of Defense, the NACA, 
and the Institutes of Health. In fact, I believe you gentlemen know 
that the present arrangement with regard to responsibilities for basic 
research was published in Executive Order 10521 in 1954 by the Presi- 
dent, which stated that every agency should have authority and funds 
for the conduct and support of basic research in fields closely related 
to their missions. That baiemen in category No. 2, to do basic research 
for better understanding in the fields in which the agency wishes to 
pursue development. 

The Atomic Energy Commission does research because of its mis- 
sion in this category, but this means that their support of basic re- 
search can be quite broad because it is a very broad field. 

The National Science Foundation, on the other hand, belongs in 
the category No. 1, where we are interested in the progress of science 
for itself. We have no other practical mission, as you know. 

There is still a third category that I will only mention. It is one 
uf great interest. That is one where the research lies in the areas 
of broad human needs, where there is as yet no breakthrough to start 
a development, but where basic research must be pursued to the 
point where such a breakthrough might occur. One might put 
photobiology in this class where basic research can, perhaps, some- 
day show us how to improve the use of energy from the sum in the 
building up of protein by plants and so on. If we could ever do 
that, that would be a very great step forward. But, until basic 
research can pave the way, there seems to be no possibility. These 
are very important areas of basic research, too. 

Representative Price. How is the third category supported in this 
country ? 

Dr. Waterman. The third category is one that we watch in the 
National Science Foundation to a very considerable extent. It is 
also supported by agencies, such as the National Institutes of Health 
in their own field where nutrition and food comes into play. 

To the extent to which mankind needs power, the Atomic Energy 
Commission does very much of this in its industrial uses of energy. 
That would be a typical field. 
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These are very broad fields, and they must be watched out for, 
and I believe the Federal Government is an excellent place to do 
it because these are fields where commercial interests or commercial 
firms just cannot get started on these things because they see no way 
to proceed to a development. They, therefore, are not ready to put 
much money in basic research in these fields. It seems to me that 
this is one of the fields in which the Federal Government can play 
an important part. 

What we do in the Foundation in areas like this is to find out who 
the people are who are doing very good work in basic research and 
see that they have what they need. We also take pains to call con- 
ferences in areas like this between the experts in research so that they 
may confer and in that way make greater progress in their individual 
research. Since they are in the basic-research field, the work is more 
promising if they do it individually, usually, than if you try to arti- 
ficially form them into groups before they really see how to work 
asateam. Itis a very important area. 

It is typified in the Atomic Energy Commission by the indus- 
trial uses of energy. That, however, now has reached the point 
where it can be picked up by industry. Historically, this was the 
case. 

With that brief introduction, I might turn to the general survey 
of research throughout the country. 

It is interesting to note that in the support of basic research 
the Federal Government furnishes about 36 percent of the funds 
for basic research in the country, industry somewhat greater, or 
about 41 percent, and colleges and universities and other non- 
profit organizations, including private foundations, about 23 per- 
cent of the total funds for basic research. ‘These are the sources of 
the funds. 

Now for the performance of basic research, Government agen- 
cies only perform about 10 or 12 percent of basic research in “the 
country, industrial organizations about 40 percent, universities close 
to 50 percent. 

So the point I am making is that basic research is largely in the 
hands of our colleges and universities. That is good because, as I said 
before, this is important in training graduate students and producing 
trained scientists. 

Turning now to the general manpower situation with respect to 
basic research, if I can allude to that; generally speaking, as you know, 
this country should put great emphasis. on finding from among young 
people, those who have aptitudes for science and engineering, see that 
they know this, and their families know it, and that they have op- 
portunity and encouragement to carry on and take advanced training. 
It is only in this way that we can get our top scientists and engineers. 
Examination of the situation discloses that we are by no means getting 
all that we should. 

Last year, for example, the figure was given out that something 
like 200,000 boys and girls did not. go to college even though they were 
fully fitted to do this. “Among them were some extremely able boys and 
girls, indeed. 

With respect to the fields in the Atomic Energy Commisison pro- 
gram, say nuclear physics, particularly on the physical science side, 
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the shortages for basic work do not seem so critical as in other fields. 
This is because of the intense interest on the part of physicists, and 
young physicists in particular, in this very attractive field. It is at- 
tractive to them because it is of fundamental importance in physics and 
one of the most fundamental and hardest problems to tackle, and yet 
one with the greatest rewards from the standpoint of the scientists. 

Representative Duruam. Doctor, have you analyzed the 200,000 as to 
why they did not pursue further education and training? 

Dr. Warerman. We have looked into that and it is for a number 
of reasons. Perhaps the commonest reason is a lack of interest on 
the part of the family or the boy or girl. They see the prospects 
of a perfectly good job, without going to college, at a good salary, 
and also a promising career ahead in many different walks of life. 
They can then get a good position with a good salary and get married, 
and so on. They do not see the need or what they would gain by 
spending 4 to 8 years to go on with higher education. That is one 
point. 

Another factor is lack of funds. That is relatively less important 
in our findings than the first. 

So what we need to do then is to develop, if we can, and encourage 
the parents to see to it that their children, if they have high aptitude 
for advanced work, indeed go on. 

As I said, there is no special problem or shortage for those going 
into the nuclear physics. It is a fascinating field and a large number 
of veople are going in. 

There is, as you know, a shortage of technical people in the new 
field of nuclear engineering. There is probably no such thing as 
a nuclear engineer. “But there is nuclear engineering, and it demands 
scientists, engineers, metallurgists, and engineers on the power and 
electronics side. It is a composite field and we badly need training 
for that, as you know. Our industrial development of atomic power 
will rest upon this group. So that is a more critical situation than 
the basic research. 

In the general support of basic research the situation is about like 
this. If we are to do justice to our progress in science and to the 
basic fields underlying development, then we should see to it that 
all competent scientists and engineers capable of doing good research 
in the country should have what they need to get on with their work. 
That would be the goal. So the goal is rather the number of com- 
petent scientists and engineers we have from the standpoint of basic 
research than any other one thing. 

At the present time, based on the applications that we get in the 
National Science Foundation and other agencies, these people are 
far from being supported to the extent to which they need support. 

In the Foundation we would s say that we could well support three 
times the number of competent people in basic research and still 
have excellent work. 

Representative Durnam. What do you mean by the need. Do you 
mean tools to carry on their research or is it the finances, or what ? 

Dr. WarerMAN. It is several things. It is not so much the salary 
of the man at all because he usually has a position, but it means 
materials for his work; it means instruments for his work that he 
needs in his research, and he also needs personal assistance, a research 
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assistant, which is very often a graduate student or two. So it is 
usually those three forms. 

With respect to general support in the country, we really need to 
increase our support for this very important category. As we find 
people attracted to science and engineering as we undoubtedly will, 
if we succeeded in this, this mans that still more funds would be 
needed. This is true of the Atomic Energy Commission program 
which we in the Foundation know quite well, as well as others. 

Perhaps a more important category and one that is a little harder 
to set figures for is the matter of large research facilities. Typical 
of these are research reactors and nuclear accelerators which I know 
are of great interest to your committee. 

If this country is to take the lead and continue its lead in basic 
research and in the applications that come out of this basic research 
in these very important fields, it is necessary that we do two things: 

One is to see that our existing capital facilities are used to full 
capacity and that their possibilities are realized; and the other, nat- 
urally, is to see to it that we push forward the frontier. This means, 
in the case of the nuclear accelerators, that we use every advance in 
the art for the sake of producing higher energy machines and be sure 
that they get underway so that research can be started with these. 

This very high energy research can be done in two ways. First, 
by nature’s cosmic rays which give us a source for research of this 
kind, and there this is getting more expensive because we find that 
it is much more productive at high altitudes, such as can be reached 
by rockets and balloons, and in the satellites that are now being used. 

Second, our machifes, as you know, have been very successful in 
opening up a wealth of artificially produced material, and this coun- 
try has reached the point where it ought to immediately take steps 
to pursue this frontier. I think you know the story very well. The 
largest machine we have in operation is at Berkeley, 6 million electron 
volts and the Russians have a 10-Bev. machine in operation. Under 
construction at Brookhaven is a 30-Bev. machine, and the Russians 
are designing a 50-Bey. machine. We should see to it that this 
frontier is kept moving. 

The general situation, then, to sum up is that for nuclear physics 
itself we probably will not have a shortage of young scientists. It is 
a fascinating field and many of them will go into it. 

In nuclear energy we need to develop people. 

In the general education of scientists there is a great need to see 
to it that we identify, encourage, and provide for the advanced edu- 
cation of those who have high aptitudes in science and engineering, 
and I would add in all fields. 

With respect to the support of basic research in general, we should 
see to it that this is increased. It won’t take much of an increase, but 
we badly need this in order that we may keep up with our technology 
and be sure that this is carried on at as effective a rate as we can do 
this. 

I am sure you understand that the future of technology rests in 
the lap of basic research. History has always shown this. The 
advances that come in basic research are the things that make possi- 
ble these big developments, and I could give plenty of examples of 
that. Iam sure you know this. So that the strength of our position 
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rests fundamentally on what we do in this area of basic research. 
This, then, is the most important thing. 

In order to do this we must see to 1t that competent basic research 
investigators are supported, particularly in colleges and universities, 
because that is the natural habitat for basic research and because this 
is where scientists and engineers are trained; and, second, that we 
have the capital research facilities which the country needs. 

Representative Price. Dr. Waterman, early in the hearings testi- 
mony was given to the effect that our financial support of basic re- 
search in this country amounted to around $250 million. A recent 
article in the Scientific American put this figure around $350 million, 
and I think there was a statement that you made in 1953 or 1954 
wherein you placed it at $435 million. 

Dr. WaterMAN. That is for the country as a whole. 

Representative Price. Yes, basic research throughout the United 
States. 

Could you clarify for us the difference in these estimates or what 
we are actually spending in this country on basic research ? 

Dr. Waterman. The best figures that we have come from our survey 
in 1953 and 1954 where we reached industry. 

By the way, we got 98 percent returns on that survey from industry. 

At that time we also surveyed colleges and universities and the 
Government. So the overall figures we know best are from that time. 
As of that time, the total support of basic research in the country 
was about $435 million. As of that time the support of basic research 
by the Government was about $160 million. 

As of the current year, the —— of basic research by all agencies 
is about $246 million by the Federal Government. We would have 
to add to that what industry is doing, presumably somewhat more than 
they were doing in 1953, perhaps quite a bit more, but we have no 
accurate figures. 

Representative Price. Of course, that is only $86 million as an 
increase in the level that the Federal Government is spending in basic 
research. 

Dr. WATERMAN. Yes. 

Representative Price. And you have had a considerable amount of 
inflation in that period. 

Dr. WaTeRMAN. That is true. 

Representative Price. So actually we are probably spending less as 
far as money value is concerned for basic research today than we were 
spending in 1954. 

Dr. WATERMAN. I think that is correct, sir. These figures I quote 
you are not corrected for the changing value of the dollar. That is a 

very important point. 

Representative Price. You do not have any recent survey of in- 
dustry expenditures in basic research ? 

Dr. WarerMan. We are in the process of finding that out now. We 
are getting returns in but they are not complete. 

Representative P rice. Thank you very much. 

What is your opinion of that situation? How much do you think 
it should be stepped up, if you believe that it should be stepped up? 

Dr. WATERMAN. I would say, looking at the thing from a number 
of points of view, that the country could well stand a 50 percent in- 
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crease in the support of basic research, and you would still have fully 

capable people. 

Representative Price. I think you said in your opening remarks 
that for a long period of time, up to the last 10 or 20 years, we had a 
) substantial lead in basic research. 

: Did you mean by that that in the last 20 years we have been losing 

a little of that lead ? 

Dr. Waterman. No, sir; I think not. What I meant to say is that | 
we have been increasing our output of valuable basic research and 
the basic research we do in all fields of science is among the best there 
is. This is not to say that other countries do not come up with re- 
search accomplishments that are extremely good, as witness the Nobel 

rizes. 
. Our danger is that with the increased interest in science through- 
out the world we will not be able to hold our position either in basic 
research or in technology unless we increase our attention to basic re- 
search ourselves. We can develop the people. We have good native 
material. We have excellent facilities for training them and excel- 
lent prospects for them to work. But unless we do this, we are go- | 
ing to slip behind. 
Representative Price. How do we do it? Is it by increased finan- 
cial support and an increased effort to get more personnel and in- 
crease our facilities? | 
Dr. Waterman. In the short range, I would say the way to do it 
is to see to it that competent research individuals at colleges and | 
universities have the support they need there because this imme- 
diately trains graduate students. One can say as an offhand esti- | 
mate, based on figures we have in support of colleges and universities, 
that for every $5,000 of a grant or contract to a university, you train | 
one graduate student on the average, or a little more. So that money 
is well invested since it not only advances science in that area, but it | 
also trains graduate students who will be available as fully trained 
scientists in a year or two as soon as they get their degrees. 

In the long range, we must see to it that our boys and girls in 
school learn science well, that they are well taught, and that they are 
encouraged, if they have aptitade, to continue their education up 
through an advanced degree in science and engineering. 

We are losing a great many of those for a number of reasons. 

That is a weakness in the long run which we are going to feel very 

strongly as the years go by. 

Representaive Durnam. Doctor, do you feel that the Government 
ought to provide more scholarships for the university graduates than 
we are at the present time? We have them rather scattered all over 
the lot in industry, Government. Everybody is trying to do a job, 
and it does not seem to me as though it is too well coordinated. 

Dr. Warerman. We have a fairly large fellowship program and 
have had ever since we started the Foundation. 

At the present time it is in a number of forms, and we plan to ex- 
pand this next year. 

We have about 900 predoctoral fellowships throughout the coun- 
try. Then we have another 100 or so young postdoctoral fellows. 

Then we have a senior fellowship program which will add about an- 

other 100. Then we also have science faculty fellowships which per- 
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mits teachers and research men in science to take a year from their 
duties in their own institutions and spend the time elsewhere in re- 
search or teaching. 

The Institutes of Health have a program about the same size in 
medical and biological research, and many foundations have fellow- 
ships as well, as do a number of industrial firms. 

Representative Durnam. I think you have done an excellent job, 
Doctor, since we first adopted the principle in the Science Foundation. 
At the time we did adopt the principle, there was a little fear in the 
minds of some of the colina personnel that we might be taking over. 
Does that exist today, or have we gotten rid of the fear? 

Dr. Waterman. That the Government is taking over? 

Representative Duruam. Yes; that the Government might take 
over in this field entirely. 

Dr. Waterman. This has been a matter of great interest to me, per- 
sonally, and all of us in research in the Government have watched it. 
The safeguard is that the common practice among the Federal agen- 
cies is to award a grant or contract to a university on the basis of the 
excellence of the scientific problem they propose to do, which is then 
evaluated by scientists on its own merits. In this way we do not 
support the ‘department of the university; we do not give funds to the 
university itself; the money goes to the institution for this particular 
project. Also, we do not appoint professors, and in these ways we feel 
we can avoid that danger. 

tepresentative Durnam. I think that is an excellent plan, and I 
agree with it, because I think the less you interfere with the colleges 
you get better results. 

Dr. WaTeRMAN. Yes. 

Representative Durnam. I want to congratulate you on that ap- 
proach of it. I think it should apply to our Defense Establishment 
as well, which is not carried out on the same basis. There is a big 
difference there. 

Representative Price. Doctor, would you tell us something about 
your program for the training in the summer classes of high- school 
science teachers? 

Dr. Waterman. Yes. We have, this coming summer, 97 summer 
institutes, as we call them, for high-school science teac hers. These are 
held at universities and colleges, usually, as hosts. 

What we do is pay the institutes for the expenses of the conference, 
and we pay stipends to the high-school teachers who come. The host 
institution selects these teachers, and they may come from any part of 
the country. The institute consists of 6 to 10 weeks altogether, usu- 
ally in 1 field of science, such as physics or chemistry, and ‘the empha- 
sis is on the subject material. 

We have found a very helpful thing is to see to it that 1 or 2 re- 
search people in the field who are quite articulate are present, also, So) 
that they can bring the modern progress in the field to these high- 
school teachers. 

This is a large program, and we hope to extend it next year. It 
has been very successful. 

Another plan is what we call ye earlong institutes for high-school 
teachers where we have 16 universities, each conducting a regular 
course of study throughout the year for high-school teachers at the 
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graduate level, again in their subjects and related subjects. This pro- 
gram enables the high-school teachers who attend to spend a full year 
in the study of their “subjec t and neighboring subjects. 

Representative Price. What is the average attendance in these 
courses ? 

Dr. Waterman. The custom is to have the institution select 50 
high-school teachers to do this. 

Daewecibaies Price. How much would you like to increase that? 
How much should it be increased in order to start an attack on this 
problem of shortage of oncoming scientists and engineers 4 

Dr. Waterman. We hope in our budget request to increase this by 
something like 100 percent, but we do not dare increase this yearlong- 
institute ‘plan too much, because this takes high-school teachers out 
for a year. We do want to increase the summer institutes because 
they will all have that opportunity during the summer. We also 
have started, or are hoping to start, a fellowship plan for high-school 
teachers so that duri ing the summer they could go to a school of their 
choice instead of going to one of these institutes. 

Representative Price. Is there any concern being expressed over 
the qualifications of the majority of the science and mathematics 
teachers in our high schools throughout the country # 

Dr. Waterman. Yes. It is per ‘fee tly understandable, I think, when 
one realizes that in science—I will just give you an average figure— 
a very large percent of those who have been fully trained and “quali- 
fied to take science teac hing positions in secondary schools have not 
done so. They have gone to industry and other better jobs. As a 
result, the profession has had to employ people who are partially 
trained. So that, in the secondary-school system, there are 50 per- 
cent each year that are brought in that are not fully qualified. This 
cannot mean the best teac hing, and yet they do the best they can. 

It is generally found by our summer institutes that the high-school 
teachers are very eager to get this training in their subject. They 
have never had it as fully as during this short time in the summer. 
They very much appreciate this opportunity. 

I would say this; that, while there are many very excellent second- 
ary-school teachers, a great many—and they are dedicated people 
who are doing a fine job—the whole profession has been diluted by 
the demand and the taking in of people who are not fully qualified, 
and the responsibility really depends on us, as Americans, that we 
do not pay enough attention to see to it that in the elementary schools 
the basic subjects such as science and mathematics should be more 
generally taught and more rigorously taught. 

From ‘the standpoint of what I am talking about, the advancement 
of science technology, we must depend on the soundness of education 
of our people. This Yeally goes beyond the specialists we train, and 
means better science training and mathematics training for every- 
body. Unless we do this, I think we will run into the following situa- 
tion : Science is bound to come up, as it has in the last few years, with 
very important social questions. You gentlemen are wel | aware of 


these. These cannot be decided by scientists. Scientists can only 
say what can be done and what the limitations are. It must be de- 
cided by the people. Therefore, it is most important for the people 
to have some basic understanding about science in order to form good 
judgments about these important questions. 
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I can assure you that many of them will arise in the years to come. 
That is why this is a most fundamental matter, to my way of think- 
ing. 

Representative Prick. Senator Dworshak ? 

Senator Dworsuak. Thank you, Mr. Chairman. 

Doctor, since this sputnik incident, Americans have been greatly 
disturbed by the disclosures that, possibly, we have been deficient in 

our research in the past few years. I would like a little clarification. 

As a member of the Appropriations Committee in the Senate for 
many years and in the House preceding that service, I do not recall 
that we have been niggardly in making available appropriations to 

carry on this vitally important research work in our country. 

I would like to have you tell me why we have been shocked into 
the situation where we are talking about what we are going to do to 
correct this. I am not willing to admit that we are lagging behind 
the Soviets. Is there a shortage of personnel? Are there inadequate 
funds available to finance this program? Are our schools unaware 
and not alerted to the need of keeping up with other countries in the 

world? Is our free-enterprise system breaking down? What is 
wrong? We are in a sort of twilight zone of buckpassing. I am not 
accusing you of that. 

I want to commend you for your forthright comments. But as a 
Member of Congress eager to do what is necessary to maintain this 
leadership and because of the psychological disadvantage not only in 
our country but throughout the world where there is fear that we are 
lagging behind, which might mean there is disintegration in this great 
free enterprise system about which we are talking so much and of 
which we are so proud, are we willing to admit that the communistic 
procedure used behind the Iron Curtain is superior to ours? 

Tell us very briefly what we should do to correct this situation and 
to relieve this apprehension that exists throughout the country 
today? Can you do that? 

Dr. Warerman. Much of what I have said bears on this, Senator. 

Senator Dworsuak. Yes. Will you summarize and be specific now. 
Are we lagging and who has been deficient and what is wrong, if 
there is something wrong? 

Dr. WarermMAN. Let me illustrate first by one point. Somehow it has 
seemed to me to be inattention on the part of the people as a whole. 
For example, it has been now some 3 or 4 years that we knew that 
the Russians were outdoing us in the output of trained scientists and 
engineers. This was very well publicized 2 or 3 years ago. People 
got concerned about it. But aed has happened now? Has there 
been any improvement ? 

The only thing I can find is that the enrollment in the colleges and 
universities has gone up in an encouraging way in engineering and 
science, but we still have the problem of science teaching that starts 
everything off. Very little has happened there other than just expres- 
sion of concern about it. 

Seantor Dworsnax. What is responsible for that lack of interest? 

Dr. WarerMAN I cannot put it any other way than that our people 
have not realized the importance of this enough to act. It seems to me 
that this depends pretty much on the individual. If the parents of 
the country realized that it was very important, and felt that it was 
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important to improve the science teaching in their schools, they are 
in the best position to do something about it. If they would act, it 
would make it so much easier for the Federal Government and the 
State governments to play their proper part. 

Whatever the answer is, it seems to me a lack of appreciation of the 
situation on the part of the people, not the Congress or the Government. 

In this particular case you mentioned sputnik. That is only one 
incident, after all, a very dramatic one, to be sure. Being dramatic, it 
called our attention to the fact that the Russians are now doing well in 
engineering development, and that they put high priority on this, and 
combined it with their military program, whereas we had kept ours 
as a scientific program in the interest of the International Geophvyeieal 
Year. But it also called our attention to the fact that basic reseach 
is given very high prestige in Russia. Those who go into science and 
engineering are given high salaries and all the opportunities they want. 
Unless they are involved in defense programs or Government programs 
of some sort, they are given great freedom, just as basic research people 
should be given great freedom. Asa result, being an able people, they 
are just going ahead and making a great deal of progress. 

Notice in their educational system everyone that goes through high 
school knows a great deal about fundamental science. They get 4 or 5 
years that is required, of physics and chemistry. So, as a people, they 
know something about it while not being specialists. Every one of 
those who are good are tagged to go on to research or teaching, as the 
case may be. They therefore have a highly efficient system 

Senator DworsHax. How have they obtained those results, Doctor, 
in your opinion? Is it through the compulsory system that is used in 
Russia, as compared with the voluntary procedures which we follow in 
this country? Is there anything in that? 

Dr. Waterman. I would not for a minute say this is the right way 
todoit. Oursystem is the right way to do it. 

Senator Dworsuax. If we get it done, it is the right way If we do 
not get it done, there will be something wrong with it. 

Dr. WaTerMAN. Our problem is: How can we get determined to do 
it? If we are once determined to do it there is no question about the 
answer, in my opinion. 

Seantor Dworsuax. You think if we are actually lagging that we 
can take steps at this late hour to make readjustments and to insure 
the supremacy that we have believed we have had over the past years 
in this country ? 

Dr. Waterman. There is no question about it, in my mind, but the 
problem is how do we make up our minds to do it ? 

Senator Dworsuax. Whois going to make up our minds ? 

Dr. Waterman. This is a problem for those who know how to con- 
duct a campaign to reach the average citizen. 

We are doing what we can in spreading the news by our fellowship 
programs, our training programs, and so is the Office of Education 
with its plans. All these are reaching enough people so that people 
understand there is a problem. Now they must do their part. 

Senator Dworsnaxk. They are fully aroused now, and you are hope- 
ful that something worth while will come out of this situation ? 

Dr. WATERMAN. Yes, sir. 

Senator Dworsuax. Thank you. 
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Representative Price. Mr. Hosmer? 

Mr. Hosmer. I have just one question, Doctor, and it is in relation 
to your recommendation for an overall 50 percent increase in funds 
for basic research. 

Dr. Waterman. That is just an approximate figure. 

Representative Hosmer. Those funds would have to come mostly 
from increased Government appropriations, would they not? 

Dr. WarrerMan. I believe so. It is true that industry is interested 
in this and can do more, but I do not think the major burden of it can 
or should be borne by industry. It cannot be borne from private 
sources. If one is looking at all possibilities, this might be possible 
if the tax structure were changed to allow more in the way of private 
giving. But aside from those possibilities, it does seem to be a 
Federal responsibility. 

Representative Hosmer. Stimulation for the increased need has no 
relation to the reason why industry does basic research. 

Dr. WaTerMAN. Yes. 

Representative Hosmer. So they have no more stimulus to spend 
money than before. 

Dr. Waterman. They have this interest. Naturally they want 
scientists and engineers in industry and they know they come from 
the universities. So they have an interest in seeing that the univer- 
sities play their part. ‘They also have a very legitimate interest in 
supporting research in universities in fields which are interestng to 
them, just the way the Department of Defense can support research 
in universities in fields of interest to them. Those are possibilities. 
But unrestricted support from industry to universities for basic re- 
search, while it can be greatly increased, to be realistic it cannot solve 
the problem completely. 

Representative Hosmer. In other words, the advances in the last 
3 or 4 years have not increased the interest of the industry as much 
as it has the general public? 

Dr. Waterman. I think industry is seriously interested, but they 
are faced with the possibility of doing something which is consistent 
with their board of directors and stockholders and the interests of 
the company, and to provide full free funds to a university is prob- 
ably expecting them to go a little far. 

Representative Hosmer. Thank you. 

Representative Price. Mr. Durham ? 

Representative DurHam. In the comment you made on the scarcity 
of teachers—and I think I classify that probably myself from the 
information we have had here over the years as henge problem No. 
1, because if we have not got the teachers you cannot turn out the 
product—the thing that concerned me a little bit is this: I know 
something about the teaching situation. The salaries of teachers 
comes from taxes—county, city, State, or Federal. 

Has the Foundation given any thought as to how seriously that 
affects this problem? They hire them regardless of the cost. It 
makes it pretty difficult where you have a tax setup in the States 
which is now high, and the Federal tax is high, and it is going to be 
difficult, I am afraid, to increase the salaries of teachers; it will 
probably be one of our No. 1 problems; or, rather, to put them back 
into the profession of teaching. 
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I think at the present time we can agree that there is quite a num- 
ber that are taking teachers away from the schools. 

Has the Science Foundation thought how seriously that has affected 
the teaching profession in this country? I mean by taking them out 
of high schools and putting them into a Federal Government job. 

Dr. WatTerMAN. There is no doubt that this was an important factor. 
Perhaps most people have not realized that this started during the war. 
During the war the university scientists were called into Government 
work and the universities and colleges began picking up secondary- 
school teachers to take work at colleges and they did not go back. 

Representative DurHam. I think you know and I know there will 
be a great surge this year in most of these scientific fields, such as 
missiles and all of this advanced propulsion and it will make a further 
demand. This will all be Government contracts. They will scour 
the whole country, high schools and everywhere else, to get personnel. 

Dr. WaTERMAN. That is why it seems to me important that the 
Federal Government support the college and university people at 
their colleges and universities which will then tend to offset the de- 
mands from industry. 

If you could provide to a scientist the opportunity to do exactly the 
work he wants, this has a big appeal. It really has a bigger appeal 
than a big salary to him, if he is good. This tends to offset that. 

Representative Duruam. In the first place, they have tools to work 
with if they go to industry. 

Dr. WATERMAN. Yes. 

Representative Durnam. They do not have them in the local com- 
munity because they are not as well financed. So there is a big induce- 
ment for them to continue this training. 

Dr. Waterman. With the kind of support the Government gives 
now, the Atomic Energy Commission and the Foundation and others, 
we can provide the research equipment that he needs by these grants 
and contracts. 

Representative Duraam. Do you think that the scientists would 
prefer to be at the teaching level if they were receiving the same 
remuneration ? 

Dr. WaterMAN. One cannot give a general answer to that. In the 
past it has worked out this way: Those who are interested in research 
only and not interested in teaching tend to go into Government labo- 
ratories or to industry where they do nothing but research. Those 
who are interested in teaching and research like the college situation. 
Of course, there are those who enjoy the teaching especially and who 
are good at it and do a little research and perhaps none and they go 
to the colleges and universities. 

In the past there has always been a differential in salary between 
a research man in industry and in universities. It was pretty good 
equilibrium. This was due to the fact that those who wanted to do 
research of their own choice could do this at the college and univer- 
sity. They did not have to work on a company job. They could do 
what they felt like doing most themselves. If they liked teaching, 
as many of them did, then this is an added attraction. 

Also, one must not forget that the very stimulating thing at the 
college and university is to deal with young minds. They are alert 
and give many ideas and receive ideas in return. That is a very 
stimulating thing. 
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There is a reason for this differential. The only trouble in the past 
few years is that it has gotten too big because of the great demand 
from industry. If we could restore this by making it more worth 
while to stay at a university—a man can do what he wants to and has 
the equipment there—this will tend to offset this demand and seems 
to me is the best remedy. 

Representative Duruam. I realize you have to catch a train so I 
will not pursue this any further. 

Representative Price. Doctor, I would like to ask one more ques- 
tion and then you will still have time to catch your train a 

Do you feel that a program offering a Federal cash award, say in 
the amount of $500, to every high school boy and girl successfully 
passing an ex: :mination in mathematics would help “provide the in- 
centive necessary to increase the pool of young people entering col- 
lege to study science and engineering ? 

‘Dr. Waterman. I believe so. It is a simple plan that has much to 
recommend it. 

Representative Prick. You would recommend such a plan? 

Dr. Waterman. As a simple plan this could be very effective. I 
think more should be done than that, however. 

Representative Price. They could provide fellowships for high- 
school teachers and so forth. But it would provide the incentive 
needed ? 

Dr. Warerman. It would surely help. 

Representative Price. Once a young person is exposed to these 
studies, he is likely to develop a permanent interest. 

Dr. Waterman. Yes. 

Representative Pricer. Dr. Waterman, we assured you that we 
would finish with you by 11 o’clock. We are a little late although 
pretty close. We ‘certainly appreciate your presentation here this 
morning. You have been very helpful to the committee. 

Dr. Waterman. Thank you. 

Representative Pricr. At this point I would like to insert in the 
record a copy of the proposed legislation and statement along the 
lines which I suggested to Dr. W aterman, if there is no objection. 

Without objection, it is so ordered. 

(The material referred to follows :) 


{H. R. 10456, 85th Cong., 2d sess.] 


A BILL To amend the National Science Foundation Act of 1950 in order to provide for 
certain educational programs 


Be it enacted by the Senate and House of Representatives of the United 
States of America in Congress assembled, That section 10 of the National Sci- 
ence Foundation Act of 1950 is amended by inserting “(a)” after “Src. 10.”, 
and by inserting at the end of such section the following new subsections: 

“(b) In addition to such other programs as may be provided by the Founda- 
tion under the authority of this section, the Foundation— 

“(1) shall establish a program under which scholarships in the form of a 
$500 payment are awarded annually throughout the United States, on 
the basis of an examination in mathematics provided by the Foundation, 
to individuals completing secondary school in that year; 

“(2) shall provide, at a cost of not in excess of $25,000,000 during the 
fiscal year ending June 30, 1959, and thereafter such amounts as may be 
necessary, a program of summer institutes, administered by institutions 
of higher education, for the subject-matter training of secondary school 
teachers of science and mathematics; and 
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“(3) shall establish, at a cost of not in excess of $7,500,000 during the 
fiscal year ending June 30, 1959, and thereafter such amounts as may be 
necessary, a program of fellowships for secondary school teachers of science 
and mathematics. 

“(c) For the purpose of providing examinations for the program of scholar- 
ships authorized in subsection (b) (1) of this section, the Foundation may 
enter into contracts, without regard to the provisions of section 3709 of the 
Revised Statutes, with individuals or organizations engaged in giving nation- 
wide examinations at the college entrance or college level.” 


JOINT STATEMENT BY REPRESENTATIVE MELVIN PRICE, DEMOCRAT, OF ILLINOIS, 
AND REPRESENTATIVE JAMES E. VAN ZANDT, REPUBLICAN, OF PENNSYLVANIA, 
CHAIRMAN AND RANKING House MINORITY MEMBER OF THE RESEARCH AND 
DEVELOPMENT SUBCOMMITTEE, JOINT COMMITTEE ON ATOMIC ENERGY, IN THE 
HOUSE OF REPRESENTATIVES ON Monpay, Fesruary 3, 1958 


MEETING THE NEED FOR SCIENTIFIC MANPOWER—AN INTELLIGENT APPROACH TO THE 
PROBLEM 


We believe that the time has come, and in many respects is long overdue, 
for a forthright facing up to the challenge presented to this country by the So- 
viets in their massive educational program aimed at outproducing the free world, 
both in quantity and quality, in the output of trained scientists and engineers. 

We are witnessing a life-and-death battle for brainpower in an age of rapid 
technological advance. The penalty for losing this battle is Soviet domination 
of the world and the destruction of our way of life as a free people. It is clear 
that we must act—and act promptly—to meet this threat. At the same time, 
we must not lose sight of our long-range objectives and adopt hasty measures 
which will jeopardize the attainment of these objectives. 

This battle for brainpower is not new. Back in the spring of 1956 the Re- 
search and Development Subcommittee of the Joint Committee on Atomic 
Energy, mindful of the mounting threat to this country posed by the Soviet 
Union, held extensive public hearings on the shortage of scientific and engi- 
neering manpower. As members of the subcommittee, we believed then, and 
we continue to believe today, that concrete remedial action is needed urgently 
if we are to meet the Soviet challenge successfully. 

Recent events, including Russian achievements in launching two earth 
satellites, serve to underscore this urgent need for action. We are faced not 
so much with a new situation as with dramatic proof of what many experts 
have been saying all along regarding the large-scale efforts of the Soviets to 
achieve technological mastery of the world. Our recent firsthand visit to Russia 
where we had an opportunity to talk directly with top Russian scientists has 
clearly confirmed these findings. 

Since the advent of sputnik we have heard much in public forums and in the 
press about the need for “crash” programs to regain America’s technological 
supremacy. We have heard proposals for stepping up scholarships in the indi- 
vidual scientific disciplines such as physics, chemistry, and biology and for 
channeling our young people into specific lines of activity within the scientific 
and engineering fields. These statements are reminiscent of the line of thinking 
which we ourselves indulged in prior to the subcommittee hearings in 1956. 

As the hearings progressed, however, it became clear that only by attacking 
the roots of the manpower problem, not its surface manifestations, can we effec- 
tively meet further requirements. We recognized then, as we do today, that 
in our haste to catch up with the Russians there is a natural tendency to call 
for special-purpose legislation to cope with the pressing problems of the moment. 

But the more we looked at the problem, the more we became convinced that 
the shortage of scientists and engineers is only part of a larger shortage of 
specialized talent in all fields, and that the best and surest means of meeting 
future requirements in the scientific and engineering fields is to increase the 
overall supply of specialized talent—across the board. Laying undue empha- 
sis on any one specialized field of scientific endeavor, to the exclusion of others, 
would create serious imbalances which would in the long run only serve to 
undermine the very strengths we are attempting to build up. 

In brief, we came to recognize that the shortage of specialized talent is total 
and that deficiencies exist in many areas which must be dealt with at the same 
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time we are directing our attention to the scientific and engineering fields. 
Loading the deck in favor of one over the other is not only futile but may well 
be fatal to the long-term national interest. 

It is clear, then, that any measures which are taken must be developed in the 
context of our overall needs and must serve to strengthen the Nation as a 
whole. This is not to say, however, that specific actions cannot be initiated 
now as part of a broad program of improvement, provided they contribute to 
our general long-term objectives. 

Going to the roots of the scientific manpower problem, the subcommittee found 
that one of the greatest deficiencies to be overcome is the serious deterioration 
in recent years in the quality of mathematics instruction in our high schools. 
We found that through inadequate preparation in our secondary schools, partic- 
ularly in the traditional subjects of mathematics, many of our young people who 
might be scientifically inclined are actually prevented from pursuing college- 
level courses in science and engineering. This represents an enormous annual 
waste of potential scientific talent which we can ill afford if we are to compete 
effectively with the Russians in the years to come. 

Fortunately, this is one area in which concrete remedial action can and should 
be initiated immediately. We have been particularly impressed with the pro- 
posal originally made to the subcommittee at the 1956 hearings by Dr. I. I. Rabi, 
of Columbia University, that an award program be set up to provide a $500 schol- 
arship to all high-school seniors who can pass an examination of prescribed 
difficulty in the traditional subjects of mathematics. There would be no strings 
attached to this award and there would be no requirement that the winners of 
such awards pursue a particular line of study, either in the scientific or other 
technical fields. 

The advantages of such an award program are obvious. In the first place, 
it would help restore mathematics to its rightful place as a basic element of the 
high-school curriculum through stimulating greater student interest in mathe- 
matics. An essential background would thus be provided for these intending 
to pursue scientific and engineering careers and at the same time the general 
curriculum would be strengthened for all students, whether or not they go on 
to specialize in these fields. 

The award program would also serve as an indirect stimulus to parents and 
community groups to seek improvements in mathematics instruction in their 
own local high schools. Since the program would be on a purely voluntary basis 
it would not involve the problem of Federal control of local educational insti- 
tutions. Major emphasis would still remain on action by local groups but a new 
incentive would be provided for such groups to take the necessary corrective 
measures. This, it seems to us, is a commonsense approach to the problem 
and one which would ichieve tangible results without upsetting delicate social 
and economic balances ‘n this country. 

Intimately allied with interesting young people in science, is the caliber of the 
science teachers they have in high school. Without good teachers, well equipped 
with knowledge of recent developments in the scientific field, there will be no 
stimulus for students to excel in their subject, no one to alert youthful imagina- 
tion to the challenges of the scientific frontier. It is difficult to calculate the 
influence good teachers have had in helping produce our scientific and other 
leaders of today, but no one would question that it has been substantial. Do 
we dare embark upon the future without assuring ourselves that we are doing 
everything possible to provide our young people with the best teachers available 
to prepare them for what lies ahead? 

But good teachers don’t just happen. Incentives must be provided to attract 
young men and women of high intellectual caliber to the teaching profession. 
Once they are recruited, there must be continuing incentives provided to keep 
them in the profession. The question then arises: What form should these in- 
centives take? 

As in the case of improving the high-school curriculum, much depends on the 
initiative and resourcefulness of local communities, particularly with regard 
to increasing teacher salaries, which in many areas are shockingly low. But 
beyond this, some means must be devised through which the Federal Government 
ean lend assistance in cooperation with local authorities. Once again, this Fed- 
eral assistance would have to be provided in such a way as to avoid undue inter- 
ference with local school boards and State authorities. 

Perhaps the greatest need at the moment is to provide high-school teachers 
with the opportunity to improve their own knowledge of their subjects and thereby 
improve the quality of instruction offered their students. This applies to teachers 
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of all subjects, but the need for improvement has become particularly critical 
in the case of mathematics and science teachers. 

One of the most successful means to date of meeting this need has been the 
summertime refresher courses for high-school teachers which have been held 
for the past several years under the auspices of the National Science Foundation. 
Through the cooperation of universities and institutions throughout the country, 
hundreds of teachers have attended special summer courses which average about 
6 weeks in duration. Stipends of $75 per week are offered, together with $15 
per dependent. The cost of running the courses is borne mutually by the Founda- 
tion and the participating university. 

While the program is excellent as far as it goes, it does not go far enough on 
its present limited budget to meet mounting needs. For example, the Founda- 
tion was able to provide funds for 108 institutions last year on its relatively 
small budget of $5.3 million. However, there were double that number of 
qualified institutions who proposed to set up summer institutes with the 
Foundation’s cooperation but were unable to do so because of lack of funds. It 
is conservatively estimated that in addition to this, there are at least 200 other 
qualified institutions in this country who have not made specific proposals to 
the Foundation but who might be encouraged to join the program if funds were 
made available. 

We therefore propose, as a concrete means of assisting high-school mathe- 
maties and science teachers and improving the quality of their instruction, that 
the present summer institute program of the Foundation for high-school 
teachers be quadrupled in size and that the present funding level for the pro- 
gram be increased from $5.3 million to $25 million. Chief value of such action 
would be to take an already going concern and through expanding its activities, 
increase the number of teachers being assisted with a minimum of delay and 
a maximum of effectiveness. 

In addition to the above program, we believe a new program should be estab- 
lished by the Foundation to provide summer fellowships for those high-school 
teachers who already have their bachelor of arts degree but who desire to in- 
crease their scientific knowledge. Such a program—at a level of $7.5 million 
per year—should be a valuable supplement to the summer institute program 
and should provide the advance training which some of our teachers need to 
stimulate and guide talented young people in our better schools. It would have 
the added advantage of helping bring up the quality of instruction among 
teachers all the way up and down the line and would place a premium on 
competence. 

It is our conviction that the proposals we have made, if translated into 
action, would be an important first step toward insuring that this country will 
have an adequate supply of scientific and engineering talent to meet the scien- 
tific challenge of the future. They will help meet this need, moreover, without 
creating serious imbalances in the social and economic fabric of this country. 
They will, in fact, serve to strengthen the country measurably by providing im- 
provements in the basic educational preparation we give to all our young people. 
This is the true answer to the Soviet challenge and in keeping with the best 
traditions of our free society. 

We are today introducing legislation in the House to carry out these pro- 
posals. We are hopeful it will receive prompt and favorable consideration. 


Representative Price. The next and concluding witness on the mat- 
ter of basic research as it relates to the atomic energy program is Dr. 
Paul W. McDaniel, Acting Director of the Division of Research of 
the Atomic Energy Commission. 


STATEMENTS OF DR. PAUL W. McDANIEL, ACTING DIRECTOR, DIVI- 
SION OF RESEARCH, ATOMIC ENERGY COMMISSION; A. TAMMARO, 
ASSISTANT GENERAL MANAGER FOR RESEARCH AND INDUS- 
TRIAL DEVELOPMENT, AEC; FRANCIS J. McCARTHY, ASSISTANT 
CONTROLLER FOR BUDGETS, AEC 


Dr. McDantiet. Mr. Chairman, for the past 2 weeks you and the 
members of your subcommittee have heard from some of the scien- 
tists who are conducting research under the Atomic Energy Com- 
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mission’s physical research program. When I introduced the first of 
these men to you on February 4, I told you that you would find them 
eager and willing to explain their experimental and theoretical work. 
I am sure that you have found that to be the case. I hope that as a 
result of these hearings you have become better acquainted with the 
scientists and with the kinds of research which they are conductin 
in our physical research program. I trust that the appearance o 
these scientists before you has strengthened your convictions of the 
importance of research in the physical sciences to our country’s con- 
tinued progress. On behalf of all those who have appeared before 
you I would like to thank you for the deep interest you and the other 
members of the committee have shown in our program. All the scien- 
tists who appeared here were particularly grateful for the oppor- 
tunity to tell you about their work and to answer your questions. 

I understand that you would like for me to discuss with you this 
morning the organization, administration, and funding level of the 
physica saat program so as to put the discussions of the individual 
scientists into proper perspective. Therefore, I should like to outline 
the technical content of our entire program, since the talks you have 
heard covered only selected topics from the very broad program. 

Representative Price. Doctor, may I say here that we certainly 
appreciate your kindness and cooperation. We would like to say we 
have had wonderful cooperation from you and your staff in preparing 
these hearings and bringing together all the scientists who have testi- 
fied before us. 

Dr. McDanteL. Thank you, sir. 

Before going into this, however, let me point out that in conducting 
the research program, the Commission has three major objectives in 
mind: 

First, to increase our knowledge of the fundamental laws of nature; 

Secondly, to apply this new-found knowledge to the research and 
development work of the atomic energy program ; and 

Thirdly, as an important byproduct of research, to train additional 
scientists and engineers so that scientific manpower will be available 
in future years for the continued assault on the many problems which 
need to be pursued. 


ORGANIZATION OF DIVISION OF RESEARCH 


In staffing and organizing to meet these objectives, the Division of 
Research of the Atomic Energy Commission 1s organized along func- 
tional lines (chart 1). We divide the field of physical research into 
four areas: Chemistry, physics, metallurgy and materials, and con- 
trolled thermonuclear research. Four scientific branches thus have 
been set up in the Division and staffed with outstanding scientists, 
specialists in their own field. They plan and administer the Com- 
mission’s physical research program in the major laboratories and in 
colleges, universities, private institutions, and other Government 
agencies. In addition to these scientific branches we have an Adminis- 


trative Branch and a Program Analysis Branch that support the work 
of the Division. 
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Unlike some of the other program divisions in the Commission, such 
as reactor development, production, raw materials, and military appli- 
cations, the Division of Research is not responsible for directly super- 
vising any of the Commission’s operation offices or area offices although 
these offices perform the same program functions for the Division of 
Research as they do for other divisions. We find that this is a definite 
advantage since we can devote our full time and attention to the 
administration of the physical research program. Since we have this 
single purpose, a relatively small staff 1s required. As of today, we 
have 16 scientists, 7 administrators, and 13 secretarial and clerical 
employees on our roster. I should like here to record my apprecia- 
tion to this small but highly efficient group and to their predecessors 
for all their efforts during the past decade to improve the physical 
research program. It is a program about which we are proud today. 

Representative Duruam. Doctor, will you break the members of 
your present staff down as to their qualifications? 

Dr. McDanirt. I would be very happy to insert a statement for the 
record of their qualifications and experiences. 

Representative Durnam. And at what graduate level, whether it is 
a doctor’s or master’s degree. 

Dr. McDaniet. Yes, sir; I shall be glad to do that. 

(The information referred to follows :) 


DIVISION OF RESEARCH SCIENTIFIC PERSONNEL 
DIRECTOR'S OFFICE * 


Dr. Paul W. McDaniel, Acting Director. (See biography, p. 51) 
Dr. Spofford G. English, Acting Deputy Director 


Born November 16, 1915, Mount Pleasant, Tenn.: married, three children. 

Education: B. S. (chemistry), 1938; M. 8S. (chemistry), 1940; University of 
Oklahoma; Ph. D. (chemistry), 1948, University of California at Berkeley. 

Experience: Chemist, Oklahoma Geological Survey, 1936-40; teaching assist- 
ant in chemistry, University of California, 1940-42; research associate, metallur- 
gical laboratory (Manhattan project), University of Chicago, 1942-48; Section 
Chief, Chemistry Division, Clinton Laboratories (Manhattan project), Oak 
Ridge, Tenn., 1943-46; assistant professor of chemistry, University of California, 
Berkeley, 1946-47 ; Chief, Chemistry Branch, Division of Research, United States 
Atomic Energy Commission, 1947-57; Acting Deputy Director, Division of Re- 
search, United States Atomic Energy Commission, 1957 to date; AEC Outstand- 
ing Service Award, 1956. 

Fields of specialization: Physical chemistry; nuclear chemistry; chemical 
kinetics; research and development on radiation detection instruments. 


PHYSICS AND MATHEMATICS BRANCH 


Dr. George A. Kolstad, Chief of the Physics and Mathematics Branch 

Born December 10, 1919, Elmira, N. Y.; married, three children. 

Education: B. S., Bates College, 1943, Wesleyan, 1943-44; Ph. D. in physics, 
Yale, 1948, Sheffield-Loomis fellow. 

Experience: Physics assistant, Wesleyan, 1943-44; research associate, radar, 
Harvard, 1944-45; special assistant in physics, 1945-46, assistant, 1946-47, 
instructor, 1948-50, Yale University ; physicist, 1950-52, Chief, 1952 to date; Phys- 
ics and Mathematics Branch, Division of Research, United States Atomic 
Energy Commission; University Institute for Theoretical Physics, Copenhagen, 
Denmark, 1956-57. 

Fields of specialization: Nuclear physics; mass spectroscopy; photography ; 
radar countermeasures; a linear accelerator for the production of high intensity 
gamma rays and neutrons. 


1 Subsequent to the hearings, on April 17, 1958, Dr. John H. Williams of the University 
of Minnesota was appointed Director of the Division of Research. For his biography, 
see p. 327. 
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D. John R. Pasta, physicist, Physics and Mathematics Branch 


Born October 22, 1918, New York City; married, two children. 

Education: B. 8., College of the City of New York, 1946; Ph. D., New York 
University, 1951. 

Experience: Research assistant, New York University, 1948-49; research 
assistant, Brookhaven National Laboratory, 1950-51; staff member, Los Alamos 
Scientific Laboratory, 1951-55; physicist, Physics and Mathematics Branch, 
Division of Research, United States Atomic Energy Commission, 1956 to date. 

Fields of specialization: Field theory, nuclear physics; mathematical physics; 
applications of computers to mathematics and physics; experimental mathe- 
matics ; computer design and theory. 


Dr. Charles HE. Falk, physicist, Physics and Mathematics Branch 


Born October 20, 1923, Hamm, Germany; naturalized citizen; married, three 
children. 

Education: B. A., 1943, M. S., 1946, New York University; Atomic Energy 
Commission fellow, 1948-49; D. S. in physics, 1950, Carnegie Institute of 
Technology. 

Experience: United States Army, 1944-46; physics instructor, Carnegie Fnsti- 
tute of Technology, 1949-50; associate physicist, Physics Department, 1950-53, 
administrative scientist, Accelerator Development Department, 1953-56, Brook- 
haven National Laboratory; physicist, Physics and Mathematics Branch, Divi- 
sion of Research, United States Atomic Energy Commission, 1956 to date. 

Fields of specialization: Nuclear and accelerator physics; neutron-proton 
scattering; d,n stripping interactions; liquid scintillation counters; neutron 
detectors ; neutron scattering ; accelerator design. 


Dr. George L. Rogosa, physicist, Physics and Mathematics Branch 


Born January 16, 1924, Lynn, Mass; married. 

Education: B. A., 1944, Ph. D. in physics, 1949, Johns Hopkins University. 

Experience: Junior instructor, 1944-48, assistant professor, 1948-49, Johns 
Hopkins University; assistant professor, 1949-52, associate professor, 1952-56, 
Florida State University; research participant, summer, 1952, physicist, sum- 
mer, 1955, consultant, summer, 1956, Oak Ridge National Laboratory; physicist, 
Division of Reactor Development, 1956-57; physicist, Physics and Mathematics 
Branch, Division of Research, United States Atomic Energy Commission, 1957 
to date. 

Fields of specialization: X-ray spectra of rare elements and transuranics; 
X-ray crystal diffraction ; anamolous transmission through crystals. 


METALLURGY AND MATERIALS BRANCH 


Dr. Donald K. Stevens, Acting Chief of Metallurgy and Materials Branch 


Born July 30, 1922, Troy, N. Y.; married, two children. 

Education: B. 8. in chemistry, Union College, 1942; Ph. D. in physical chem- 
istry, University of North Carolina, 1953 (Oak Ridge Institute of Nuclear Studies 
fellow). 

Experience: Physicist, Naval Research Laboratory, 1943-46 (United States 
Naval Reserve, 1945-46) ; metallurgist, Oak Ridge National Laboratory, 1947-48 ; 
graduate student, 1949-53; physicist, Oak Ridge National Laboratory, 1953-57; 
solid state physicist, 1957, Acting Chief, 1957 to date, Metallurgy and Materials 
Branch, Division of Research, United States Atomic Energy Commission. 

Fields of specialization: Radiation effects in solids; magnetic properties of 
materials. 


Dr. Ralph R. Nash, Metallurgist, Metallurgy and Materials Branch 


Born May 17, 1916, South Bend, Ind. ; married, two children. 

Education: B. S., metallurgical engineering, Purdue University, 1942; M. S. 
in metallurgy, 1948, Ph. D., Rensselaer Polytechnic Institute. 

Experience: Metallurgist in charge of Metallurgy Laboratory, Aluminum Com- 
pany of America, 1942-44; engineering officer, United States Navy, 194446; 
instructor, assistant professor, teaching and supervision of experimental research 
in physical metallurgy, associate professor and consultant to industry, Rens- 
selaer Polytechnic Institute, 1946-57; metallurgist, Metallurgy and Materials 
Branch, Division of Research, United States Atomic Energy Commission, 1957 
to date. 
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Fields of specialization: Plastic deformation studies of metal single crystals; 
contributions to the mechanism of solid solution strengthening; development of 
new magnesium base alloys with improved strength and resistance to corrosion ; 
phase equilibria studies in magnesium base alloy systems; allotropic transfor- 
mation and precipitation from solid solution studies in titanium-base alloys. 


CHEMISTRY BRANCH 


Dr. Daniel R. Miller, Acting Chief of Chemistry Branch 


Born May 14, 1917, Milwaukee, Wis. ; married, four children. 

Education: B. 8., 1941, M. S., 1943, University of Wisconsin; Ph. D. in chem- 
istry, 1948, University of California. 

Experience: Chemist, metallurgical laboratory, University of Chicago, 1943; 
group leader, 1943-44, and assistant section chief, 1945-46, Clinton Laboratories, 
Oak Ridge; senior supervisor, Hanford Engineer Works, 1944-45; chemist, radia- 
tion laboratory, University of California, 1946-48; assistant professor of chem- 
istry, Cornell University, 1948-51; chemist, 1951-53; Assistant Chief, 1953-57; 
Acting Chief, 1957 to date, Chemistry Branch, Division of Research, United 
States Atomic Energy Commission. 

Fields of specialization: Nuclear chemistry, chemistry of actinide elements. 


Dr. Alexander R. Van Dyken, chemist, Chemistry Branch 


Born September 25, 1917, Bozeman, Mont. ; married, two children. 

Education: B. A., Calvin College, 1941; M. S., 1943 (fellow, 1942-43) Purdue 
University ; Ph: D. in chemistry, University of Chicago, 1950. 

Experience: Assistant chemist, metallurgy laboratory, University of Chicago, 
1943-45; Los Alamos Scientific Laboratory, 1945; associate chemist, Oak Ridge 
National Laboratory, 1947-48; Argonne National Laboratory, 1948-57; chemist, 
1957 to date, Chemistry Branch, Division of Research, United States Atomic 
Energy Commission. 

Fields of specialization; Chemistry of organic fluorine compounds; radiation 
chemistry ; use of radioactive tracers in organic chemical research. 


Dr. Abraham 8. Friedman, chemist, Chemistry Branch 


Born October 25, 1921, Brooklyn, N. Y.; married, three children. 

Education: B. A., 1943, Brooklyn College; Ph. D. in chemistry, 1950 (fellow, 
1946-50) Ohio State University ; Fulbright research fellow, University of Amster- 
dam, the Netherlands, 1951-52. 

Experience: United States Army, Chemical Warfare Service and Corps of 
Engineers, 1948-46; chemical engineer and research chemist, Special Engineering 
Detachment, Manhattan project at Decatur, Ill., Oak Ridge, Tenn., and University 
of Chicago, metallurgical laboratory, 1944-46; research associate, Ohio State 
University Cryogenic Laboratory, 1950-51; physical chemist, National Bureau of 
Standards, 1952-56; chemist, Chemistry Branch, Division of Research, United 
States Atomic Energy Commission, 1956 to date. 

Fields of specialization: Thermodynamics; high pressure physics; chemical 
physics ; the chemistry and the separation of isotopes. 


T. Raymond Jones, isotope specialist, Chemistry Branch 


Born March 1, 1910, Jamestown, N. Dak. ; married ; three children. 

Education : Jamestown College, 1927-30. 

Experience: Engineering aid, USDA, biological survey, 1933-34; engineering 
aid, United States Engineer Office, Omaha Division, 1934-35; chief, audit section, 
Work Projects Administration, Bismarck, N. Dak., 1935-41; assistant to the 
State engineer, North Dakota State Water Commission, 1941-42; assistant area 
engineer, Manhattan Engineer District, St. Louis, 1942-43; Chief, Special Ma- 
terials Section, Manhattan Engineer Division, Chicago, 1943-45; chief, Pro- 
duction Central Section, MED, Los Angeles, 1945-46; executive officer, Isotopes 
Division, United States Atomic Energy Commission, Oak Ridge, Tenn., 1946-53; 
isotopes specialist, Division of Research, United States Atomic Energy Com- 
mission, 1953 to date. 


Fields of specialization : Recovery, purification, and concentration of isotopes. 
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CONTROLLED THERMONUCLEAR BRANCH 


Dr. Arthur E. Ruark, Chief, Controlled Thermonuclear Branch (See biogra- 
phy, p. 395). 


Dr. Henry Harrison, physicist, Controlled Thermonuclear Branch 


Born June 18, 1911, New York City ; married, three children. 

Education: B. S. E. E., University of Arkansas, 1935; M. S. Georgetown 
University, 1950 ; Ph. D., Catholic University, 1956. 

Experience: Supervisor, officers squadron communications course, Scott Field, 
Ill., 1940-42 ; electronic officer, United States Army Air Force, 1942-46; electronic 
scientist, Office of Naval Research, 1946-52; electronic scientist, Naval Research 
Laboratory, 1953-56; physicist, Controlled Thermonuclear Branch, Division of 
Research, United States Atomic Energy Commission, 1958 to date. 

Field of specialization : Radio wave propagation ; antennas, gaseous electronics. 


Dr. Hilliard Roderick, physicist, Controlled Thermonuclear Branch 

Born February 2, 1923, New York City. 

Education: B. S. in physics, Massachusetts Institute of Technology, 1944; M. 8. 
in mathematics at MIT, 1946; Ph.D. in physics, Stanford University, 1954. 

Experience: Staff member at MIT Radiation Laboratory, 1943-45; Sperry Co. 
fellowship in microwaves, 1946; teaching assistant, Stanford University, 1947-49 ; 
research assistant in nuclear physics, Stanford University, 1950-54; physicist, 
General Electric Co., atomic power equipment department, 1955-57; instructor, 
University of California extension service, 1956; physicist, Controlled Thermonu- 
clear Branch, Division of Research, United States Atomic Energy Commission, 
1957 to date. 

Field of specialization: Microwaves; equivalent circuits, antenna design; 
mathematics physics; physical optics; nuclear physics; cyclotrons; scintillation 
counters; geiger counters; B-ray spectrometers; radioactivity; nuclear energy 
levels B-decay; neutron scattering; fission reactor physics; slowing down of 
neutrons; fast-fission effect; reactor design ; criticality studies; plasma physics. 


Dr. Harold 8. Morton, Jr., physicist, Controlled Thermonuclear Branch. 

Born October 30, 1924, Minneapolis, Minn.; married three children. 

Education: B. M. E., University of Minnesota, 1947; Ph. D. in physics, 1953; 
(National Science Foundation fellow, 1952-53) University of Virginia. 

Experience: Lieutenant (jg) (engineering and gunnery), USNR, 194446; 
mechanical engineer, ordnance research, research and development division, New 
Mexico School of Mines, 1947-48; engineer, Ordnance Development Division, 
National Bureau of Standards, summer, 1949; engineer (missile design), Applied 
Physics Laboratory, Johns Hopkins University, Summers of 1950 and 1951; re- 
search physicist, Linde Air Products Co., Union Carbide, 1953-55; physicist, 
Research and Development, Oak Ridge Operations Office, USAEC, 1956-57; 
physicist, Controlled Thermonuclear Branch, Division of Research, United States 
Atomic Energy Commission, 1957 to date. 

Fields of specialization: mechanical engineering; steam powerplants; high 
velocity gas guns; Kerr electrooptical shutters; mechanical properties of metals; 
high current electric arcs; plasma physics ; nuclear physics. 
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Dr. McDantet. This chart, No. 2, illustrates how the program of 
research in the physical sciences has grown over the 12-year period, 
1948 to 1959. You will note that, beginning with 1948, the expendi- 


tures were roughly $21 million, and in fiscal 1959 the budget request 
is roughly $71 million.” 


2The operating budget for fiscal year 1959, as submitted to the Joint Committee 
on May 12, 1958, has been revised upward to $90 million. 
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TOTAL OPERATING EXPENSES FOR THE 
PHYSICAL RESEARCH PROGRAM 
BY FISCAL YEARS 1948~-/959 
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CHART 2. 


Division of Research—Physical research program, operating expenses.— 
Feb. 13, 1958 


Fiscal year: Total Fiscal year—Continued Total 
ee $21, 387, 301 a iicea pacnenicin ils cia $42, 225, 211 
Tae ee, a= 26,82, 080 SC ae ee a 42, 660, 064 
ON ie ei picscctcenakaGcicaanntabi 32, 294, 275 it ores 48, 574, 088 
es inns ae aie ck ees 33, 147, O81 DE gianna 59, 344, 215 
tar asecteseed eisai seated 37, 939, 184 Esai egetsacin hemes 71, 471, 000 
ein setchlctency ssf iideactalcae 41, 145, 472 SOO oct ecaeeas 71, 500, 000 


Representative Price. I notice you hit a level in 1958 and 1959. 
My impression of research is that the more you get into it and the 
closer you get to answers to problems the budget goes up. Is it the 
same in 1959 as it is in 1958 ? 

Dr. McDantet. That is correct. If you will notice, sir, there was 
a period 1952, 1953, 1954, 1955, for the Division of Research pro- 
gram when we maintained an approximately constant level. You will 
also notice that in the years 1956, 1957, 1958, there has been an increase 
in the expenditures under this program. Part of this increase is the 
result of the increased cost of doing business, for research is not 
immune to the problem of rising prices. Therefore, an increase in 
research effort cannot be said to be directly reflected by these figures. 
Since the program was maintained approximately level for about 
4 years, part of the increases in 1957 and 1958 served to recoup some of 
the losses to the program during those years of rising prices. 

Representattve Durnam. That was not brought by an increase in 
the thermonuclear research ? 

Dr. McDantet. No, sir. These figures do not include the thermo- 
nuclear-research expenses. I will show those to you in a few moments. 








Le 
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It must be recognized, in considering these charts, that it is becoming 
more and more costly to carry out basic-research investigations. Cer- 
tain kinds of basic research, for example, high-energy physics, require 
the construction and operation of complex and expensive research 
machines without which meaningful investigations would be impos- 
sible. In future years, when additional instruments of this kind, 
which are now being constructed, have been completed, it will be nec- 
essary to increase further the expenditure under this program. 

As I mentioned earlier, the research is carried out at a number of 
research centers. This chart, No. 3, shows a breakdown of the oper- 
ating expenses of the program into the amounts spent in the main 
AEC research centers and the amounts spent in off-site laboratories. 
The light part of each bar represents the funds spent at the major 
laboratories of the Commission, while the dark portion represents 
funds spent at colleges, universities, private institutions, and other 
Government agencies. 


PHYSICAL RESEARCH PROGRAM OPERATING EXPENSES 
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Division of Research—Physical research program, operating expenses— 
Feb. 18, 1958 





| AEC. | 




















‘ 1| | AEC- 
| | owned | | owned 
Fiscal year | Total major | Offsite Fiscal year Total major Off site 
research research 
centers centers 
— —_—|—— ——. es — \- ee — — 
1948____- __. |g21, 387, 301 $20, 521, 431 $865, 870 1954.....__...|$42, 225, 211 1$29, 981, 495 $12, 243, 716 


26, 421,319 | 23, 092, 037 3, 329, 282 |} 1955. 
-| 32, 294, 275 | 25, 308, 372 6, 985, 903 |} 1956.......- 
33, 147,081 | 25, 138, 380 8, 008, 701 |} 1957....-.--- 
-| 37, 939, 184 | 27,638,174 | 10,301,010 || 1958_...-____- 
41, 145, 472 | 30,114,585 | 11,030,887 || 1959._..._- 


42, 660, 064 | 30, 705, 401 11, 954, 663 
48, 574, 088 | 33, 813, 971 14, 760, 117 
59, 344, 215 | 41, 148, 501 18, 195, 714 
71, 471, 000 | 46,421,000 | 25, 050, 000 
71, 500, 000 | 45,375,000 | 26, 125, 000 
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The major AEC laboratories involved in the physical research pro- 
gram are: Ames Laboratory, operated by Iowa States College at 
Ames, Iowa; Argonne National Laboratory, operated by the Univer- 
sity of Chicago at Lemont, Ill.; Brookhaven National Laboratory, 
operated by the Associated Universities, Inc., at Upton, Long Island, 
N. Y.; Knolls Atomic Power Laboratory, operated by General Elec- 
tric Co. at Schenectady, N. Y.; Oak Ridge National Laboratory. 
operated by Union Carbide Nuclear Co. at Oak Ridge, Tenn.; and 
University of California Radiation Laboratory, o erated by the Uni- 
versity of California at Berkeley and Livermore, Calif. 

Historically, all of the national laboratories, except Brookhaven 
National Laboratory, were established during the war for the conduct 
of research contributing to the development of nuclear weapons. 
Brookhaven was founded in 1947 to provide central facilities for basic 
research in the nuclear field for the scientists of the northeast uni- 
versities. 

Though the other laboratories were originally established for dif- 
ferent purposes, they have pursued somewhat the same objectives. 
Oak Ridge National Laboratory works very closely with the southern 
universities through the Oak Ridge Institute of Nuclear Studies, a 
corporate body representing universities and colleges of the South. 
Argonne National Laboratory has similar relations with universities 
of the Midwest, and the University of California Radiation Labora- 
tory and Los Alamos Scientific Laboratory cooperate with universities 
in the Western and Rocky Mountain States. 

The research participation program at the major research centers 
is a small but important facet of our research program that I would 
like to discuss briefly. 

Under the research participation program, the major research 
centers employ university faculty members during the summer 
months. During this summer employment, the faculty members ca 
out research projects of mutual interest to the scientist and the AEC. 
Most important, however, is that the faculty member develops a keen 
interest in AEC’s program and the associated problems by his sum- 
mer employment at the research centers. When he returns to the uni- 
versity he has been made aware of new developments in classified areas 
not published in the open literature, and he has seen the large-scale 
development projects underway that might benefit by additional 
fundamental knowledge. Quite often, this arousal of interest has led 
to the inauguration of projects in the university. These projects are 
beneficial because of their relevance to the Commission’s programs. 

These major laboratories have been outstanding in their ability to 
carry forward important and difficult programs of research and de- 
velopment. They have had challenging responsibilities, and their 
scientists have enjoyed almost as complete freedom of inquiry as they 
might have had on a university campus. The laboratories are strong 
enough to cope with large scientific problems on an organized basis. 
These laboratories are truly pillars of great strength in our national 
scientific structure. As long as we are faced with gigantic research 
tasks, we must expect our national laboratories to carry a great deal 
of the work. 

Chart No. 4 shows the history of the major laboratory expenditures 
for physical research for the past decade. I think the chart probably 
speaks for itself. 
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One interesting thing to point out perhaps is how the expenditures 
have gone up in the University of California after the beginning of 
the operation of the bevatron. I should say that a great deal of these 
increases were associated with the operation of the bevatron. (See 

. et 
Dr. McDantt. In all perhaps 1,300 scientific man-years of work 
will be done in the physical research program by the major research 
centers this fiscal year. These centers thus account for an expendi- 
ture of approximately 65 percent of the funds of the Division of Re- 
search, as chart No. 3 illustrates, 

Chart No. 3 also illustrates that we have a growing off-site program 
largely with universities but there are some contracts with private 
research institutions and Government agencies. 

Chart No. 5 shows the magnitude and growth of this part of the 
program. The dark bars show the number of contracts for each fiscal] 
year; beginning at essentially zero in 1947, and increasing to 370 in 
1958. 


CONTRACT RESEARCH: PROGRAM 
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The contract-research program—Number of contracts and obligations by fiscal 
year—Division of Research—Research contracts principally with universities 





| 1947 1948 1949 1950 1951 1952 1953 
Number of contracts - - / 3 19 54 131 218 247 250 
Obligations. -..........- | $859, 620 * 180, 187 |$8, 896, 604 |$7, 973, 042 |$8, 319,919 |$10, 618, 993 | $11, 250, 583 
| 1954 1955 1956 | 1957 1958 1959 


Number of contracts-_.--....-- 
I oo ck iad esate 








357 370 370 
$18, 617, 420 |$23, 026,000 | $24, 751,000 


The light bars indicate the dollars that were obligated in the pro- 
gram during the fiscal year noted. 

Projects of this type are proposed for study by university profes- 
sors, or other scientists, on the esis of their background, experience, 
and interests. The problems which these investigators are working 
on are, of course, not necessarily closely related to the day-to-day prob- 
lems of the developmental programs of the Commission. 

It should be emphasized at this point that as a complement to the 
major laboratory programs the contract research programs of the 
Commission have a number of valuable consequences: First, when the 
amount provided by the Commission is added to the funds provided 
by the universities and other organizations, a larger and more effective 
research program results. 

Seve, the Commission receives the services of more highly quali- 
fied scientists in basic research activities fundamental to the Commis- 
sion’s future capabilities than we would otherwise have. In the past 
2 weeks you have met a good number of these scientists from the uni- 
versities and colleges of the Nation. Iam sure you were as impressed 
as we are with their abilities in their particular areas of research. 
Were it not for the research program in the physical sciences of the 
Commission their services would not be avenible since, in many cases, | 
these men cannot move to the national laboratories to work because 
they have important educational duties at their universities. 

A final point to be emphasized concerning this program is that it 
provides an excellent means of training undergraduate and graduate 
students through their association with the research project. At the 
present time the program is making it possible for approximately 
1,600 undergraduate and graduate students to continue their studies. 

As of December 31, 1957, the Commission’s research program had 
approximately 370 research contracts with about 110 universities and 
other private laboratories. With your permission, Mr. Chairman, I 
would like at this time to put into the record our latest analysis of our 
contract research program. 

ileus Price. Without objection, it will be included in the 
record. 
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(The document referred to follows :) 


UNITED States ATOMIC ENERGY COMMISSION 
DIVISION OF RESEARCH—THE CONTRACT-RESEARCH PROGRAM 


(Prepared by Program Analysis Branch, Division of Research, USAEC, 
February 10, 1958) 


In addition to the research conducted at the major research centers of the 
AEC, the AEC supports, by means of the contract-research program, research 
investigations at colleges, universities, private institutions and other Govern- 
ment agencies. The contract-research program accounts for approximately 
80 percent of the total physical research program. 

In the contract-research program, the Division of Research is responsible 
for the approval of AEC support and for the review of the technical progress of 
research projects that fall within the fields of physics, chemistry, metallurgy, 
computer development, and controlled thermonuclear reactions. The Com- 
mission’s operations offices negotiate and administer the nontechnical aspects 
of the contracts. 

As a supplement to the AEC’s program at the major research centers, the 
contract-research program has a number of distinct advantages : 

1. When the amount provided by the AEC is added to the funds of the 
universities, the effectiveness of the universities’ programs, as well as the 
basic research effort of the AEC’s program is increased. 

2. The AEC receives the services in basic research activities fundamental 
to the AEC’s future capabilities of highly qualified scientists that prefer the 
academic freedom provided at universities. 

8. The research conducted in the contract-research programs is less costly 
than the research carried on in the AEC’s major research centers. 

4. The contract-research program provides for the training of undergraduate 
and graduate students associated with research projects. 


TYPES OF CONTRACTS 


In conducting this program, the AEC uses several types of contracts. The 
fixed-price contract is used primarily when the annual cost to the AEC is less 
than $100,000 and when the cost can be estimated with reasonable accuracy. 
In consideration for the institution’s carrying out the agreed investigations 
and submitting a satisfactory report, the AEC agrees to pay a lump-sum based 
upon an agreed part of the estimated total cost of the project. This total cost 
estimate is reflected in a budget, submitted by the institution, which includes 
such items as salaries, supplies and services, equipment, travel, communica- 
tion and publication. In most cases, the contractor proposes to share in the 
cost of the work conducted under the contract. 

The cost-type contract provides for the reimbursement, to the extent prescribed 
in the agreement, of defined costs incurred in the performance of the contract. 
This contract is generally used for large projects with an annual AEC contribu- 
tion exceeding $100,000 or for projects that do not lend themselves to accurate 
costs estimates. Under this arrangement a total cost estimate is established to 
provide a base for obligating funds and to stipulate a ceiling that the contractor 
cannot exceed (except at his own expense) without the approval of additional 
funds by the Commission. The total costs of the research may be shared by the 
contractor and the Commission. 

The cost-plus-a-fixed-fee contract is used for research contracts where it is 
determined that accurate cost estimates cannot be made and where a payment of 
a fee is appropriate. 

No-fund contracts are used in the contract-research program when the AEC 
loans Government property to an institution as AEC’s support to the research 
project or when the university wishes to enter into a study contract on a certain 
area of research before it actually undertakes the research. In addition to these 
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reasons, many times the contract period of a fixed-price contract is extended 
without additional funds being added to the contract because the research is to 
be terminated and additional time is required to bring the prgject to an orderly 
close. 

In the following pages there is presented a statistical analysis of the contract- 
research program. This analysis does not include the research projects that the 
Division of Research supports through working fund or reimbursable agreements 
with other Government agencies. On December 31, 1957, there were 8 such agree- 
ments between the Atomic Energy Commission and the following Government 
agencies amounting to a total project cost of $7,163,800. Of this amount, the 
Atomic Energy Commission contributed $4,218,800. 


Other Gov- 

AEC ernment 

support agency 

support 
1. The Geological Survey of the Department of the Interior (2)-....-....---- $724, 300 0 
Zi Tae PeReeenn SOORONEE OF DMRS. go onc ccc ccna cwencdasnacacnacsauwetnoct 492, 600 0 
tees SE ORES SO on. 8. os wane ncbninnmewidioenaayeddemua 175, 000 $175, 000 
ey a a RE a ee eae eee 5, 400 0 
G: aw weeetinn OF Gi, WRN oo eS eh ee ees and 51, 500 0 
Oe CI OF URE TUCIORTORD Cok oon okie cess dkccresnnticwncenennsente 2, 770, 000 2, 770, 000 
Wt nna tbadaucdbheienseccsceekecedlhhsecktanincdacunaeeeunekawe 4, 218, 000 2, 945, 000 


By far the largest of these agreements is the ONR-AEC joint program of 
basic research in nuclear physics. This program supports, through contracts 
administered by ONR, about 30 research projects at various universities. It 
is estimated that approximately 400 students receive training in research 
methods through their association with these projects. The Office of Naval 
Research administers the contracts, which are selected by the two agencies, 
and the AEC and ONR share the costs on an equal basis with additional con- 
tribution in most cases by the university contractors. In fiscal 1958 each 
agency is contributing $2,710,000 to the program. 


A statistical analysis of the contract-research program as of Dec. 31, 1957— 
Breakdown of the number of contracts, total project and the university and 
AEC contribution in the program by category and activity 


Number | Total project| University | Percent | AEC contri-| Percent 



































Category and activity of con- cost contribution | of total bution of total 
tracts 
Physics: 

High energy------- sctkawss. 14 $3, 599, 333 $700, 695 19 $2, 898, 638 81 
Nuclear structure -__---._--- 46 6, 930, 320 1, 816, 646 26 5, 113, 674 74 
Extra nuclear. -......._-.-- 7 302, 517 116, 832 39 185, 685 61 
Design of devices--___-__-- 5 959, 145 325, 405 34 633, 740 66 
Isotope separation. - .__-- 3 293, 411 26, 773 9 266, 638 91 
oo See ae 4 566, 861 103, 939 18 462, 922 82 

Total, physics_--_.-__-- 79 12, 651, 587 3, 090, 290 24 9, 561, 297 7 
Chemistry: pt ee 
ON eines 22 845, 058 147, 003 17 698, 055 83 
ie nsn canna 0 0 0 0 0 0 
Chemical properties -_ - - _- 151 4, 875, 811 1, 716, 721 35 3, 159, 090 65 
Isotope separation - ___--- 8 211, 446 74, 135 35 137, 311 65 
Total, chemistry___-_..- 181 5, 932, 315 1, 937, 859 33 3, 994, 456 7 
Metallurgy: a . a 
Properties of materials__- 7 876, 225 119, 187 14 757, 038 86 
Alloy theory.............. 43 1, 924, 100 702, 262 36 1, 221, 838 64 
Radiation effects________-- 18 802, 930 245, 191 31 557, 739 69 
Total, metallurgy---_---- | 88 3, 603, 255 1, 066, 640 30 2, 536, 615 70 
—_—_ > ——————aSaaa———S SSS = = =. — =——===s 
Total, above items___-_-- 348 22, 187, 157 6, 094, 789 28 16, 092, 368 72 
Controlled thermonuclear _-_-_- 12 1, 196, 741 28, 495 2 1, 168, 246 98 
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Note.—In addition to the information contained in the preceding tabulation, 
there are four contracts in physics that provide funds for only equipment. Three 
of these contracts, amounting to $1,395,600, are for the purchase and installa- 
tion of Van de Graaff accelerators at the University of Wisconsin, Case Institute 
of Technology, and Johns Hopkins University. In each case, the space for the 
machine was provided by the contractor and additional staff members were 
added to the universities’ programs. The remaining equipment contract is with 
the University of Virginia. This contract contains no funds but provides for 
the use of AEC equipment by the university. 

In each of the categories (physics, chemistry, metallurgy, and controlled ther- 
monuclear) there are certain contributions that are either not listed by the 
university or unallowable by AEC standards; nevertheless, these are real con- 
tributions. There are also a number of contracts in each category that are 
shown as full cost contracts simply because it is against the policy of the uni- 
versity or contractor to show their contribution. Examples of these include 23 
contracts with Massachusetts Institute of Technology, California Institute of 
Technology, and Stanford University that total $2,236,670. It should also be 
noted that in a few contracts there are contributions to the total project from 
sources other than the contractor and the AEC. Since there are only a few and 
the dollars involved are negligible, these contributions are not broken out. 


Senior investigators, research associates, and graduate students supported by 
the contract-research offsite program 


7 Nl 
Senior investigators Associates 


















































Research activity Graduate 
: students 
; Number | Man-years |} Number | Man-years 
sini ll tines aie saicait Pacis feel ee ae 
Physics: 
Pe I cise icsadtgreaclat dininebiipinsediaildien 16 7.9 98 64.1 133 
Nuclear studies_..__- je dpc: nsaich Gas cach at aichionaaetial §l 19.9 216 105. 6 272 
Be NO cca sechaekinBecttercn bats 7 3.3 10 5.2 29 
RR eee re pers 5 1.3 17 9.6 13 
SNE SUNG... ds Sass bn ctcnoecenan 3 1.2 9 | 5.0 8 
COUT si inctadnicoscncsecessqnewawneed + 6 8 7.5 4 
TN I aa Boe asinine Raha 86 34.2 358 197.0 459 
Chemistry: | i : . 
POO edha ss tscs casa cank<leusedsudenmaneel 24 27 3l 17.3 72 
ne $i chek een aaied 0 0 0 0 0 
Ciheentenl properting.. .< =~ < 5225.0... 222528. 166 59. 1 144 90. 9 434 
MEI CUI 5. os = ss isn ene cccicenses 8 2.9 10 6.1 | 18 
Total, chemistry...........-.--.-------- 198 69.7 185 114.3 | 524 
Meh -~-— ~~ — -\—  oeed -- fee pe nn eemtetellige. oper 
Properties of materials..............- eedous 32 10.8 51 22.6 49 
DR CE iii ign ionusnscecnenetnnese 50 17.3 83 42.6 124 
Radiation effects. --..-..--- aebaa Gesamte 22 7.3 55 19.7 | 41 
De MIE oiige intcccccdadaceuces 104 35. 4 | 189 84.9 214 
= —} == — — — 
Controlled thermonuclear. -..............-.---- 10 3.6 | 56 24.0 25 
| — =} — =| — = i— — = 
ORE renintasesihassalcubankheeceek 398 142.9 | 788 420. 2 1, 222 
| ! 





In addition to the above, the ONR-AEC joint program in nuclear physics 
supports senior investigators, research associates, and graduate and under- 
graduate students in about 30 projects. Though the actual number of students 


is not available, ONR estimates that about 400 students are supported under 
this program. 
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Contract-research program costs by items of expense 


[In thousands] 


Items of expense: Amount 
ROI GE: WOR OR siisiii in nctte ancl cutiendaemdaloadiamnneminie $11, 723 
IE Fig isk ethinkindsd cmt teh igang marralel gunna 4, 746 
RE ME I ican sh eect pnrpinsncin teint nigenpiarptneesiiititen 2,519 
a ih dk pecnndemsin ice sesies te ninemsn aple shtiscnnn tein tee bintteadataiibiaiates 316 
ARUN NUN enc nicl pcg easiest hetipaindagai eg ical 48 
PIO £6 neti nntae inh geese miinndinns ani dibids 51 
iat shin hittin tities mat em tetntnhintgintehog erie nee tiaiabatipe apie niiaigtatliaiae 18 
SRI OTE: GEOR iid teeta ntttnnbibiisinm ney anslonnimercomnietnniocnnads 5, 357 

Oa ie ie iiss cd eee irene enna namipineatpiei es 24, 77 

Freie COTEEED EON Wy; WELTON LCN ii csi tiites Seccis ena consiniininiccinn cena 6, 123 

enti omperced 07) AEs irtatcntncntinaesnndiectenatieiseksaisin 18, 655 


Contracts by AEC dollar level 





Controlled | Division 





Dollar level Physies | Chemistry |Metallurgy| thermo- total 
nuclear 

ae i een dasinain di dailoaii inden sie tite ean an 7 8 4 2 21 
I oo nn Bs ec cacscntdenl 2 60 14 2 78 
I EE tcictaniriciieniincnnaienneininne 16 61 28 1 106 
isso eiccacccnannens 4 18 15 0 38 
De en we eS chs cc 7 13 9 0 29 
Ried ccmcanccnctedicseseneens 4 x s 0 19 
III so ce ecdemncndanned 11 5 2 0 7 
SNEED oo iecsannpanbaknnnenisacii 3 2 0 0 5 
INANE I oS sn nnaeeevay ic 3 2 3 1 9 
DT BIO oci en cc cae ennnnwedeecenn 2 0 1 0 3 
BRO0N GON 000 oo = ooo ecko c 2 3 1 0 8 
100,000 to 199,999____._- patie tee ee alp 10 0 3 5 18 
200,000-4-_........-------------------------- 12 2 0 1 15 

Tt CRE ss nce ccna ne 83 181 88 12 364 

Percentage of AEC contribution to the total cost of the research 
Controlled | Division 
Percentage Physics | Chemistry |Metallurgy| thermo- total 
nuclear 

a ian ol susie nadennbepas gee 8 4 2 2 14 
icc dirbaceedcmigeenibeenssegumd an 0 0 1 0 1 
ik, cnn ee ne ganedenkatepeaians 3 1 0 0 4 
ssc saictiie i owatindinnaiernbawwewgepdoen 5 4 2 0 ll 
a san icin eters tance 9 17 3 0 29 
Lo eee ae Ss 12 44 8 1 65 
nai. i nimaipenaadnseenien 13 55 16 0 84 
NEE cities kino, wamneehtab acid akennee 15 37 25 1 78 
UN <2-0c:5—-1 biel neshtiocnia dae omain bamnemies 6 7 5 0 21 
ED COeinhacnebenetncnensincsusewiodas 0 0 2 0 2 
Pick than ekcinduanibhice canmouignpwenaiee 114 112 121 1g 155 

CR nt nccewenteresccinsen 83 181 88 12 364 


1 These figures include 23 contracts at Massachusetts Institute of Technology, California Institute of Tech- 
nology, and Stanford University. These institutions, as a matter of policy, do not list their contributions, 
There are 4 such contracts in physics, 6 in chemistry, 11 in metallurgy, and 2in controlled thermonuclear, 


| 
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Type of organization 


| Controlled | Division 
Contracts with— | Physics | Chemistry |Metallurgy| thermo- total 





nuclear 
ne ere ae | 43 94 33 3 173 
Private WRIVOTONE nc cc scsi ccccccccenncse 37 81 45 6 169 
a ee ee 0 1 6 2 1 
Nonprofit organizations. ...............--- 3 3 4 1} 16 
EB Nikscccdpes dans sieihiniabainion tamale 0 2 0 0 2 
Se 
icc anniticaptintcanieeneeis 83 | 181 | 88 | 12 364 
| | 





Operations offices administering the business aspects of the contracts 


| 
| | Controlled | Division 
| Physics | Chemistry | Metallurgy 























thermo- total 
nuclear 
Operations offices: | 
NUNN giins cakcccnscencasstabanecte 0 2 1 0 3 
ee 9 10 5 1 25 
OU THRs cadcdudamcseenceeunsannewe 17 31 6 0 54 
ER ei ccecrcastoiieanibaadan asa 22 65 51 7 145 
Hanford 4 7 1 0 12 
Chicago 29 66 24 4 123 
Washington. _--- 2 0 0 0 2 
Oa nacddebitendccccndencapueste 83 181 88 12 364 
Type of contract 
Controlled | Division 
Type Physics | Chemistry |Metallurgy| thermo- total 
nuclear 
es xe Ce ER ne 25 9 21 6 61 
DA GN ic cccucctudbenecdaccccdumecuane 54 172 67 4 297 
PO et eee csblsaceksdbsesanecaoen 4 0 0 2 6 
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State 


NN gi i ing Sas ewig 


DY os Sitecscnsdte seuss 
ee See 


alent wicoenccencan 


New Hampshire...._..-.--- 
NE ep aes 
DOO, BRON Ric cc ncacnsnsus 


DS Akos cons occas 
Pennsylvania............-.- 
Rhode Island......-...-.--- 


U 

Te coctenacGelitaty cena stan 
Wenterton......-..-....... 
UNS ore se 






Contractor 


Alabama, University of____- 
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Number of contracts by States 


Number of contracts by contractor 


American Institute of Physics___........-- 
Anderson Physical Laboratory.-.-....----- 


Arizona, University of_..-.- 
Arkansas, University of_-._- 


Armour Research Foundation.....-------- 


Bausch & Lomb Optical Co 
Boston University___....--- 
Brandeis University _._- Bae 
Brigham Young University 
Brooklyn, Polytechnic Insti 
Brown University _-_-_-.-..--- 
Buffalo, University of. -.-.--- 


tute of-_.-...- 


California Institute of Technology --------- 


California, University of___- 
Canisius College___-__.----- 


Carnegie Institute of Technology ---_---...-- 
Case Institute of Technology -.-.--.---.--- 


Catholic University of America. 


Chicago, University of_..._- 
Clark University..........- 
Clarkson College of Technol 
Colorado, University of___.- 
Columbia University __----- 





iiescssciies 


Connecticut, University of.........------- 


Cornell University. -....--_- 
Delaware, University of-_-.-- 


Drexel Institute of Technology--.--.-..---- 


Duke University.......---- 
Duquesne University_...._- 
Emory University.........- 


Physics | Chemistry | Metallurgy 


Controlled 
thermo- 
nuclear 


Division 


total 
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Contractor 





Florida State University. ...............-- 
Florida, University of. ........--- 
I i ni ciiinlntcnwngeneiees 
Fordham University 
WURDE INSU. ois cncc cn nesdccanseene 
Oe 
General Electric Corp._.........-...--.--- 
Georgia Institute of Technology 
es Court — 





Illinois Institute of Technology 
Illinois, University of 
Ingen URIVGIGY 2. eines cone ndentdncew 
Iowa, State University of...............-.- 
Johns Hopkins University 
Kaneas State OCollege........<.cncencncceccce 
Kansas, University of. .............-...-.. 
Kentucky Research Foundation 
Louisiana State University 
Louisville, University of..................- 
Maryland, University of. ................. 
Massachusetts Institute of Technology - -.- 
DRG DOING. no acndcewcncecnesenans 
Michigan State University 
Michigan, University of...............-..- 
Minnesota, University of 
Missouri, University Dicicbenndsaiinaans 
Mont: wna Ste ate U niversity 


Ni ation: al O: asin a oe 
Nebraska, University of.................-- 
New Hampshire, University of_.........-- 
New Mexico Highlands University....._- 
New York State College for Teachers 

New York University oe ; 
North Carolina State C ollege. ss 

North Carolina, University of 
Northwestern University 

Notre Dame, University of 

Ohio State University- 

Ohio University 

Oklahoma State University. -- | 
Oklahoma, University of 
Oregon State College. -- oes | 
Oregon, University of__. 
Pennsylvania State University 
Pennsylvania, University of 
Pittsburgh, University of_..- 
Princeton University_- 
Providence College 

Purdue University 

Reed College. - cea 
Rensselaer Polytec hnic Institute 

Rice Institute ind 
Rochester, University of. 
Rutgers University__.. al 
Smithsonian Institution ___..- 
South Carolina, University of. ------- 
Southern California, University of 
Southern Research Institute__- 
Stanford Research Foundation 
Stanford University..................-.. 
Stetson University Shaman 
Stevens Institute of Technology - Siecanea 
Syracuse University................... 
ED TR birdcccwudunsunmaneannie 
Tennessee, University of...............-..- 
Sy SHEE Qlidcicniccgscniniannncdia 
REE Cine tied anvikcdtnnkacencnnbaans 
OS ee 
Vanderbilt University..................... 
Virginia, University Of... cccnctccccnce 
Washington, State College of.............. 
Washington University (Missouri) --....... 
Washington, University of_............--.- 
Western Reserve University 
Westinghouse Electric Corp 





Wisconsin, University of..............-....- 
Yale University 





Physics | Chemistry | Metallurgy 
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Dr. McDanret. Thank you, sir. I will let the analysis speak for 
itself, except to say that the contract research program presently costs 
the Commission approximately $23 million; how ever, as I mentioned 
before, with the contributions from other organizations, a total re- 
search’ program of about $32 million results. 

Let us now turn to the content of the physical research program. 
Chart No. 6 shows, by years, the expenditure for physics and mathe- 

matics, chemistry and metallurgy and materials research. 

The lower sections of each bar represent mathematics and physics 
research expenditures, which 1 increase from approximately $13 million 
in 1948 to $33 million or $34 million in 1958. 

The chemistry researc h expenditures are represented by the middle 
section of each bar and the top portion of each bar represents the 
research cost of the metallurgy and materials group. 1 will insert 
the figures for the three areas of research into the record along with 
the chart. 

My colleagues in the Division of Research have prepared rather 
detailed analyses of these several programs and, with your permission, 
Mr. Chairman, I would like to review them briefly and have them 
inserted in the record. 

Representative Price. Without objection, it is so ordered. 

(The information referred to follows :) 


ve COSTS for de PHYSICAL RESEARCH PROGRAM 
iy ty ry ck, ustry and Meta! hurd — ( 1948 - 59 


«ERE Physics and Math research Wa Chemistry research = 72; Materials, Metallurgy research 


WL HORS OF BGLLARS 


& 8 
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48 49 SO Sl 52 53 54 55 56 57 58 59 


Mee ee et et ‘ 


CHaxrt 6. 
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Division of Research—Operating costs—Physical research program 
Physics and | Chemistry | Metallurgy 

Fiscal year Total mathematics research jand materials 

research research 

(1) (2) (3) (4) (5) 

TD 06 kj oa Gtnbeseautes stmaeewseckue acelin $19, 139,301 | $13, 292, 253 $5, 373, 143 $473, 905 
SES oman chitin can abaacthinhondine ngage ecasiiieaadienats 23, 921, 319 13, 782, 923 8, 138, 048 2, 000, 348 
NO dpc tke srla i aslo alopsone aces Pineal aet eamonioness 28, 818, 401 16, 831, 394 8, 563, 540 3, 423, 467 
eis da este br atin tigre: dhs pase ns ci rege lla cl oeemartn 29, 628, 649 16, 754, 834 9, 795, 701 3, 078, 114 
TS ctdcoite asin denksocakhdamegeamndenedense 34, 066, 403 17, 637, 157 12, 192, 485 4, 236, 761 
PEED: a5 ke cabenecncatccsmendinnciare bananas aieceaeanenien 37, 221, 944 18, 229, 164 14, 319, 717 4, 673, 063 
Pe itintindtindandudiniebiianeeapebauene aanate 38, 452, 661 19, 652, 062 14, 046, 093 4, 754, 506 
a whiting emai bithigpiiintinhiee omen 38, 860, 064 19, 223, 112 15, 096, 568 4, 540, 384 
: cidcdetsaspaspince qaive euigraink vind tieipeinadabiindeetebia 45, 573, 976 23, 822, 878 16, 924, 686 4, 826, 412 
Piss sbektacucwoweiecnbbabendcuelnnutaaed 53, 792, 746 28, 380, 639 19, 352, 328 6, 059, 779 
WOurenadnvidbiastidibearssidtnctonddsetd 63, 901, 000 34, 218, 000 21, 853, 000 7, 830, 018 

BOGS x0 te ctelwnddceccnctsicadueeduebeseraashean 63, 901, 000 34, 218, 000 21, 853, 000 7, 830, 
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Dr. McDantet. I would like to begin with the physics and mathe- 
matics research program of the Division of Research, which was organ- 
ized in September 1949 because much of the work in the Commission 
lay in this field. The witnesses which appeared before this commit- 
tee on February 7, 11, and 13 have described the scientific content of 
the Commission’s program in this important area of research much 
more eloquently and authoritatively than I can. 

It is hardly necessary to point out to this committee that the inter- 
action of nuclear particles is the physical process by which the Atomic 
Energy Commission is operating in business whose annual cost is in 
excess of $21 billion. 

It is also clear from the remarks of the scientists who have testified 
here that we still do not understand fully the nature of the particles 
with which we are dealing or the character of the forces which give 
rise to the tremendous energy releases involved. The technology of 
the atomic-energy program is extremely complex and extends into a 
wide variety of areas. 

Since World War II, the gap between basic science and technology 
has narrowed so r: apidly that they are both treading on each other’s 
toes. The collaboration and interchange of information between scien- 
tists in the universities and those w orking i in the national laboratories 
and in the field of technology, such as reactor development, weapons 
design, and production is much greater than before the war. The 
time lapse between the conc eption of a new idea and its integration 
into our economy is becoming very small indeed. 

In an attempt to prepare the information for presentation for budget 
and accounting purposes we have divided the areas of physics and 
mathematics research into different categories or disciplines. 

The categories are listed on this chart (fig. 7). High-energy phy- 
sics, nuc lear properties of matter, design and development of devices 
for physics research, physical methods of isotope separation, nuclear 
structure and neutron physics, and computer development and mathe- 
matics. This chart illustrates the fiscal situation for each of these 


categories as of today. 
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PHYSICS AND MATHEMATICS RESEARCH 
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FISCAL YEARS 1957 1958 1959 
(ACTUAL) ———( EST.) (EST.) 


CHART 7. 


Physical research program—Operating Division of Research—Physics 


[In thousands] 





Seeseeres 
Fiscal year Fiseal year | Fiscal year 
1957 1958 1959 





actual estimated estimated 

High-energy physics. _......-...-.----- ieee evince tadpek weeeed $12, 937 $15, 397 $16, 011 
Nuclear structure and neutron physics..-_-...........--.----- 9, 980 12, 077 12, 297 
Extranuclear properties of matter__........-..-----.---.------ 675 761 747 
Design and development of devices for physics research ------- 3, 515 3, 230 2, 345 
Physical methods of isotope separation._........-.-...-.------ 520 665 682 
Computer development and mathematices_...-.......-...-..-.- 486 2, 088 2, 165 

Physics and mathematics research. -_-_.........-..------- 28, 113 34, 218 34, 247 





In addition to financing research through some 86 different univer- 
sity contracts and 5 national laboratories we finance 30 contracts 
with universities under the joint program with the Office of Naval 
Research. This program runs at a level of about $5,400,000, half of 
which is transferred to the Office of Naval Research by the Atomic 
Energy Commission each year. 

The contracts for this work are executed and ably administered 
by the Office of Naval Research. However, close liaison is maintained 
between the staffs of the Atomic Energy Commission and the Navy. 

In order to secure expert guidance for review and evaluation of 
research proposals, and I assure you we do get a great many research 
proposals in this field, scientists throughout the country are called 
upon for consultation. 
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In the area of nuclear data or cross section measurements, we have 
two standing committees, one national and the other international, 
with cross representation on each. The United States Nuclear Cross 
Section Advisory Group analyzes all available data, reviews the ade- 
quacy of existing programs, assists in the interchange of information 
and where possible initiates new measurement activities as required. 

The Tripartite Nuclear Cross Sections Committee, the international 
group, attempts to do a similar job on an international scale and has 
succeeded in establishing a close experimental collaboration between 
the United States, the United Kingdom, and Canada in the nuclear 
cross section measurements field. 

Representative Durnam. Do you follow those recommendations 
generally ? 

Dr. McDaniet. Generally, sir, they are followed. 

In addition to these two committees, the Physics and Mathematics 
Branch has formed ad hoc committees from time to time to advise on 
specific problems. 

I valet also add that the other branches of the Division of Research 
follow generally this same procedure. 

In fiscal year 1958, the total cost of the Commission’s physics and 
mathematics research program runs at a level of about $35 million. 
About 40 percent or $14 million of this is spent in the universities, 
including the Commission’s share of the Office of Naval Research- 
Atomic Energy Commission joint program, and the remaining $21 
million or 60 percent is spent in the national laboratories. 

With your permission, Mr. Chairman, I would like to insert in the 
record at this point a list of all the university contracts supported by 
the Physics and Mathematics Branch of the Division of Research and 
a detailed breakdown of the budget of this particular branch. 

Representative Price. Without objection, it is so ordered. 

(The list referred to follows :) 


Physical research contracts—Physics, February 13, 1958 


Arkansas, University of. M. K. Testerman, Mass Spectromtry Instrumentation, 

Brown University. Russell A. Peck, Jr., Reaction Studies with Fast Neutrons. 

California Institute of Technology. R. F. Bacher, Research in High Hnergy 
Physics. 

California Institute of Technology. Jesse W. DuMond, Nuclear Spectroscopy 
and X-ray Studies. 

California, University of. C.D. Jeffries, A Study of Nuclear Moments. 

California, University of. J. A. Jungerman, Precision Beta-ray Spectroscopy. 

California, University of. J.H. Reynolds, Mass Spectroscopy Research. 

California, University of. J. R. Richardson, Research in High Energy Physics. 

California, University of. S.A. Schaaf, Diffusion in Low Density Jets. 

Carnegie Institute of Technology. George Hinman, Beta-Ray Spectrometry. 

Carnegie Institute of Technology. R. B. Sutton, 400 Mev Synchrocyclotron and 
Associated Research. 

Case Institute of Technology. E. C. Gregg, Electron and Gamma Interactions 
with 26 Mev Betatron. 

Case Institute of Technology. Robert Shankland, Purchase of a High Voltage 
Enginering Corp. 3 Mev Type KN (V) Van de Graaff Accelerator. 

Chicago, University of. 8S. K. Allison, Reactions of Light Nuclei and the Pene- 
tration of Charges Particles through Matter. 

Chicago, University of. N. ©. Metropolis, Computer Research and Development. 

Chicago, University of. G. Wentzel, Theoretical Research in Elementary Parti- 
cle Physics. 

Colorado, University of. J.J. Kraushaar and D. A. Lind, A Joint Program of Re- 
search in Nuclear Spectroscopy and Inelastic Nuclear Scattering. 
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Colorado, University of. David A. Lind, Design of a 10-30 Mev Cyclotron and 
Associated Structures. 

Columbia University. W. W. Havens, Jr., Nuclear Physics Research. 

Columbia University. L. M. Ederman, Research in Particle Physics. 

Columbia University. Robert Serber, Theoretical Research. 

Duke University. Martim M. Block, Development and Application of Helium 
Bubble Chamber. 

Duke University. Henry W. Newson, Fast Neutron Cross Sections and Shell 
Structure. 

Florida State University. Alex E. 8. Green, Analysis of Nuclear Forces. 

Franklin Institute (Bartol Research Foundation). C. BE. Mandeville, Neutron 
Scattering Measurements. 

Harvard University. Garrett Birkhoff, Hydrodynamical Computations. 

Harvard University. M. S. Livingston, Research Operations for the Cambridge 
Accelerator. 

Harvard University. Norman F. Ramsey, Research in High Energy Physics. 

Illinois, University of. R. E. Meagher, Study of a High-Speed Computing 
Machine. 

Iowa State University of. J. A. Jacobs, Research in Nuclear Structure. 

Johns Hopkins University. G. H. Dieke, Absorption and Fluorescence Spectra 
of Uranium Salts and Other Solids—Spectra of Molecules Containing Tritium. 

Johns Hopkins University. G. E. Owen, Acquisition of 3 Mev Electrostatic 
Generator. 

Johns Hopkins University. G. E. Owen and Leon Madansky, Studies of Neutron 
and Charges Particle Reactions. 

Kansas, University of. R. W. Krone, Excited States of Medium Light Elements. 

Kentucky Research Foundation. B. D. Kern, Study of Nuclear Energy Levels. 

Louisiana State University and Agricultural and Mechanical College. Ralph 
C. Mobley, Neutron Scattering. 

Maryland, University of. W. F. Hornyak, The Structure of Light Nuclei. 

Massachusetts Institute of Technology. George R. Harrison, The Development 
and Use of New Spectroscopic Methods for Isotope Analysis and Zeeman 
Effect Studies. 

Michigan, University of. Peter Franken, Electric and Magnetic Resonance 
Absorption. 

Michigan, University of. Donald A. Glaser, Study of High Energy Nuclear 
Interactions. 

Michigan, University of. W.C. Parkinson, 42’’ Cyclotron Program. 

Michigan, University of. R. W. Pidd, Nuclear Research with 300 Mey. 
Synchrotron. 

Michigan, University of. R. W. Pidd, Experiments on the G-Factor of the Free 
Electron and the Polarization of Electrons in Scattering. 

Minnesota, University of. John H. Williams, 68 Mev. Proton Linac. 

National Academy of Sciences. Kay Way, Nuclear Data Project. 

Nebraska, University of. Theodore Jorgensen, Jr., Energy Transfer of Slow 
Ions. 

New York University. Hartmut Kallman, High Speed Storage in Phosphors. 

North Carolina State College. Raymond L. Murray, Assembly of Apparatus for 

Neutron Diffraction. 

North Carolina State College, R. L. Murray and A. W. Waltner, Loan of 
Equipment. 

Notre Dame, University of. John W. Mihelich, A Program of Nuclear 
Spectroscopy. 

Notre Dame, University of. C. J. Mullin, Interaction of Photons and Particles 
with Nuclei. 

Ohio State University. J.C. Harris, Nuclear Spectroscopy. 
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Ohio State University. H. J. Hausman, Research Program with OSU Van de 
Graaff and Cyclotron Accelerators. 

Ohio State University. P. 8S. Jastram, A Program for Research in Low Energy 
Nuclear Physics. 

Oregon State College. E. A. Yunker, Cyclotron, Testing and Instrumentation. 

Oregon, University of. D. W. Berreman, Gamma Ray Spectroscopy by Crystal 
Diffraction. 

Oregon, University of. Harry T. Easterday, Beta and Gamma Ray Spectroscopy. 

Pennsylvania, University of. Walter Selove, High Energy Research Program. 

Princeton University. M. G. White, 18’’ Mev. Cyclotron and Associated Nuclear 
Physics Research. 

Purdue University. FE. Bleuler, Research in Nuclear Reactions with Fast Alpha 
Particles, Deuterons and Neutrons and a Study of Nuclear Structure. 

Purdue University. Dr. K. Lark-Horovitz, Modification of the Purdue Cyclotron. 

Purdue University. T. R. Palfrey, Basic Research with High Energy Electrons 
and X-rays produced by a 300 Mev Synchrotron. 

Rice Institute. Tom W. Bonner, Nuclear Physics Research. 

Rice Institute. Martin Graham, Construction of High Speed Computor (Digital). 

Rochester, University of. Robert E. Marshak, Nuclear Physics Research. 

Smithsonian Institution. E. L, Fireman, Tritium, Helium 3, and Meteorite Re- 
search. 

Southern California, University of. G. L. Weissler, Nuclear Physics with a 32 
Mev Proton Linear Accelerator. 

Stanford University. E. L. Ginzton, Electron Linac Component Development. 

Texas, University of. E. L. Hudspeth, Neutron Experiments with a Van de 
Graaff Generator. 

Tufts College. Julian Knipp, Properties of Hyperfragments. 

Vanderbilt University. C. D. Curtis, Transfer of ORNL Cockcroft-Walton to 
Vanderbilt University. 

Vanderbilt University. S.K. Haynes, Precision Beta-ray Spectroscopy. 

Virginia, University of. Frank L. Herford, Study of Interactions of Medium 
Energy Neutrons and Polarized Photons in matter. 

Virginia, University of. A. R. Kuhithau, Problems of High Speed Rotation. 

Virginia, University of. Glenn H. Miller and Ralph A. Lowry, Transfer of Re- 
search Apparatus from Ames Laboratory of Iowa State College to the Ord- 
nance Laboratory of the University of Virginia. 

Washington, University of. G. W. Farwell and Boris A. Jacobsohn, 60’’ Cyclo- 
tron Development and Research Program. 

Wisconsin, University of. H. H. Barschall, Installation of High Voltage En- 
gineering Model En Tandem-Style Van de Graaff Accelerator. 

Wisconsin, University of. J. R. Dillinger, Low Temperature Research. 

Wisconsin, University of. W. F. Fry and W. D. Walker, A study of Funda- 
mental Particles. 

Wisconsin, University of. R. G. Herb and H. H. Barschall, Nuclear Research 
with the Electrostatic Generators. 

Wisconsin, University of. R. G. Sachs, Theory of Nuclei and Elementary Par- 
ticles. 

Yale University. R. Beringer, Research with Heavy Ion Accelerator. 

Yale University. Gregory Breit, The Theory of Nuclear Reactions. 

Yale University. E. C. Fowler and H. L. Kraybill, Interactions of High Energy 
Particles with Matter. 

Yale University. H. L. Schultz, Electron Accelerator Neutron Velocity Selector. 

Yale University. W. W. Watson, Isotope Separation by Thermal Diffusion and 
Nuclear Studies with Separated Isotopes. 
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[In thousands] 
Category and laboratory Fiscal year | Fiscal year | Fiscal year 
1957 1958 1959 
Physics: 
5210—High energy..--.......-.-.---- erties sae cemraeeee $12, 937 $15, 397 $16, 011 
Mi oe a seb OTE BG ie nee ee 26 40 40 
IE a tetithedathn sk aie occncic bikin date hs oaldcl adnan tebaee 4 75 175 
NR tea ihn atonal: bxiccn eet deoeteais smite 5, 876 6, 810 6, 910 
a ae 2, 436 2, 900 2, 860 
TURIN se Soc ee ee 4, 595 5, 572 6, 026 
" §220—Nuclear structure......_- tipecRiaiaatcbiaianz al 9, 980 12,077 | 12, 297 
169 140 170 
1, 995 1, 960 2, 010 
369 330 1 

1, 642 1, 845 
2, 201 2, 326 2, 376 

3 68 
3, 601 5, 408 5, 613 
675 761 747 

311 354 
201 187 187 
31 0 0 
132 220 206 
5240—Design and development_._._..-..._.-....--_.....-- 3, 515 3, 230 2, 345 
akc cichialnceieciitae ena ncpe ee he aie oe 927 900 900 
Ri ee Os Se eee 791 0 0 
Le a 2 EE EY a Bt 333 645 490 
Re eo ct od ae a a Sumeanieas 248 305 435 
I ar 958 1, 050 0 
EER cdo a Beaton been daab eee 258 330 520 
§250—Physical methods of isotope separation............_- 520 665 682 
Rp en ee lS ee sd i cee 317 400 429 
| ee ey eS err ee 203 265 253 
5260—Computer development and mathematics research. 486 2.088 2, 165 
tice on dk cele de get tieee tae 183 275 275 
ROMPRES Srtiadactiapinnanichsnese acaanechceabemecnaeinea 40 38 
See 0 78 129 
VPI Ulloa cancddsatenscctddameie eeaboce 263 1, 695 1, 723 
I I aii iinet dig Lhe pe iaciaeaie 28, 113 34, 218 34, 247 


1 Amounts shown for fiseal year 1958 and fiscal year 1959 for Washington are estimated obligations. 


Dr. McDantet. Perhaps a few words now about the various cate- 

ories in the physics and mathematics program might be in order. 

t us take them from the bottom up on the chart and discuss high 
energy nuclear physics first. 

High energy nuclear physics deals with that aspect of physical re- 
search which involves high velocity elementary particles. Particles 
involved include mesons, hyperons, nucleons, and their respective anti- 
particles. The interactions of these particles with nuclei and nucleons 
are studied and the actual production or creation process of the par- 
ticles is ee eg In present-day nomenclature, particles with 
energies above the threshold energy for meson production are usually 


considered in the high-energy class, and that is roughly at the 1 billion- 
volt level. 

High-energy particles were discovered originally in cosmic radia- 
tion. However, the successful development of particle accelerators 
has made it possible in recent times to produce intense and highly con- 
trolled artificial sources of high-energy particles. Consequently, a 
major fraction of present high-energy research is being performed at 
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high-energy particle accelerator installations. Nevertheless, as 
demonstrated oy the discussion of Prof. B. B. Rossi and Prof. J. A. 
Van Allen, cosmic rays are still under intensive investigation. 

Particle energies of as high as 10” electron volts can be found in 
cosmic rays and these energies exceed those presently feasible in par- 
ticular accelerators by as much as a billion times. 

Furthermore, the study of cosmic rays provides a very important 
tool for the investigation of major astrophysical and cosmological 
problems. Because of the logistics involved, most of the AEC sup- 
port of cosmic-ray research is handled through the joint AEC-Office 
of Naval Research program, which is administered by the Navy. 

A major part of high-energy physics research today utilizes par- 
ticle accelerators. The operation of all of these machines in the 
United States is either partially or totally supported by the AEC. 
Some of these installations are located at universities, such as the 400- 
500 Mev. synchrocyclotrons, the billion electron volt electron syn- 
chrotrons and the 700 Mev. electron linear accelerator at Stanford 
University. Research with this last accelerator was discussed by 
Prof. R. Hofstadter on February 11. 

The large multibillion electron volt proton accelerators are usually 
located at national laboratories. The Sete of these is the 6-billion 
electron volt Bevatron at the University of California Berkeley Radi- 
ation Labortory, which was discussed by Prof. L. W. Alvarez. The 
second 3.2 billion volt Cosmotron is located at Brookhaven National 
Laboratory and some of its associated research efforts were discussed 
by Dr. Adair here. It should be emphasized that all of these large 
yarticle accelerators are utilized by sicentists from universities and 
labevaheeles from all over the Nation and the free world. 

As pointed out by Professor Gell-Mann in his discussion of ele- 
mentary particles on Tuesday, the field of high-energy nuclear physics 
has already produced some fundamental changes in our previous un- 
derstanding of the constitution of nuclear matter. It is expected that 
future research at even higher energies will further enhance our un- 
derstanding of the physical universe. 

In fiscal year 1958 a total of $15,397,000 has been budgeted by the 
Atomic Energy Commission for high energy physics. 

It is expected that of this amount $9,825,000 will be used to support 
high energy installations of the national laboratories, while the other 
$5,572,000 will be used to support university research. Forty-two 
university research projects are being supported in the field of high 
energy nuclear physics. 

I will insert the rest of the discussions of the physics research pro- 
gram in the record as you gave me permission to do a few moments 
ago. 

Representative Price. Without objection, it is so ordered. 

The full statement will be included in the record. 

(The statement referred to follows :) 


NUCLEAR STRUCTURE AND NEUTRON PHYSICS 


Research in the area of nuclear structure and neutron physics relates to low 
and medium energy nuclear processes as described to this committee by Prof. 
J. H. Williams and others on February 7. Programs in this field are supported 
at all of the national laboratories and about 40 different universities in the 
United States. Levels of support of university contracts range from around 
$5,000 to more than $1 million. 
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as cyclotrons, Van de Graaffs, Cockroft-Waltons, and linear accelerators and in 
some cases at the national laboratories on high flux research reactors. Two of 
the speakers, Profs. W. W. Buechner and T. W. Bonner, have described their 
researches in which the Van de Graaff accelerator has been the main tool. 
Further, you have heard of some of the necessary detection equipment and 
spectrometers such as the magnetic spectrometer described by Professor 
Buechner. 

An important part of the research in this area is the nuclear cross sections 
measurements program, a program of immediate interest to the designers of 
nuclear reactors and weapons. In this program, various nuclear cross sections 
of many materials for neutrons and charged particles are measured. Prof. W. W. 
Havens, Jr., discussed experiments with the neutron which have been conducted 
at the Brookhaven National Laboratory and at the Nevis synchrocyclotron 


' 
Most of this research is dependent on the availability of accelerators such 


of Columbia University. Included in his measurements were neutron cross sec- 
tions on the fissile nuclei and other reactor materials. Besides the program- 
matic interest, these measurements give information which results in obtaining 
a more thorough understanding of nuclear structure. 

Other research programs in this category include studies of the various radia- 
tions emitted from radioactive nuclides. An example is that of beta-ray spec- 
trometry. From the analysis of the beta particles (electrons) emitted by radio- 
active nuclei, experimental verification of the nonconservation of parity was 
recently demonstrated. The nonconservation of parity and its role in physics 
were described here by one of its discoverers, Prof. T. D. Lee, who received the 
Nobel award in physics this past year for this discovery. The low- and medium- 
energy nuclear physics area is supported at a level of $12,077,000, with $5,408,000 
going to research support at the universities and the remainder to the national 
laboratories. Numerous other studies have not been detailed, such as the 
studies at the University of Chicago of the behavior of ions in passing through 
matter, mass spectrometry and nuclear moment studies at the University of Cali- 
fornia, theoretical studies on the analysis of nuclear forces at the Florida State 
University, and scintillation spectrometry studies at the national laboratories. 


EXTRANUCLEAR PROPERTIES OF MATTER 


Because the tools and techniques of atomic-energy technology and research 
touch on broad areas of physics other than nuclear processes, some support is | 
provided to such relevant activities as mass spectroscopy, optical spectroscopy, the 
behavior of low-energy ions in matter, magnetic-resonance techniques and low- 
temperature physics. Due to the shortness of time, this interesting work has 
not been presented by the witnesses who have testified at these hearings. Its 
relevance, however, can be illustrated by a recent example for it is now beginning } 
to appear that a major advance in the development of magnetic memories for 
high-speed digital computers may well result from current research in low- 
temperature physics. The total level of support in this field in fiscal year 1958 
is $761,000, of which about 29 percent is spent in American universities and the 
remaining 71 percent in the national laboratories. 


DESIGN AND DEVELOPMENT OF DEVICES FOR PHYSICAL RESEARCH 


Successful research in nuclear physics depends strongly upon the facilities, 
devices, and instrumentation which can be used in this type of research. Equip- 
ment used includes large facilities, such as research reactors, particle accelera- 
tors, huge bubble chambers, and complex analyzing devices, which require inten- 
sive design and development. It is essential that new ideas and concepts be 
developed in order to produce better and more economic research tools. 

A concerted effort is underway to develop particle accelerators which will ex- 
tend parameters such as energy and intensity. Development and design work 
in this category produced the design of the 30-Bev. alternating-gradient syn- 
echrotron which is now under construction at the Brookhaven National Labora- 
tory and which was described yesterday by Dr. G. K. Green. More advanced 
design work is being performed, among other places, at Stanford University, 
as described by Prof. L. I. Schiff, and at the Midwestern Universities Research 
Association, as discussed by Prof. K. R. Symon. 

Instrumentation development is being carried out intensively, as techniques of 
nuclear-particle detection often put severe limitations on the type of experiments 
which can be performed. This type of development is carried out at both the 
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national laboratories and universities and other private institutions. A total 
of $3,230,000 has been budgeted by the AEC in fiscal year 1958 for this category ; 
$1,850,000 are slated for support of design work at national laboratories, while 
the $1,380,000 is budgeted for the remainder of the program. 


PHYSICAL METHODS OF ISOTOPE SEPARATION 


The field of isotope separation is, of course, rather central to the production 
activities of the atomic-energy program. Much effort has been expended outside 
of the physical research program in the improvement of the gaseous-diffusion 
process, and chemical methods of isotope separation are being explored under 
the chemistry research program. Much of the $665,000 expended during fiscal 
year 1958 on physical methods of isotope separation goes into special electro- 
magnetic separations at Oak Ridge. The remainder of the effort is being ex- 
pended at several different universities. 


MATHEMATICS AND COMPUTERS 


The progressive advances in the field of high-speed electronic computers have 
had a large impact on the atomic-energy program. Because research in many 
fields is geared to the use of computers, the Commission has always encouraged 
and fostered research in the design, development, and use of modern high-speed 
digital computers, although it was not until 1956 that computer research was 
recognized as a bona fide activity of the Division of Research. As an indication 
of Commission dependence on high-speed computers, the curent level of rental 
equipment alone is in excess of $10 million yearly, exclusive of the personnel 
required to operate them. 

A program of computer research divides, naturally, into two areas. The first 
would be the research leading to new and improved computers. It is quite clear 
that the university has the proper climate for research on components, numerical 
analysis, and organization of machine logic. It is likewise clear that the uni- 
versity is the place where the future machine designers and users will be trained. 
Computer research will hardly progress at a university where no computer exists, 
even if it is only a copy of another computer. Therefore, there is a dual reason 
for supporting a computer at a university. On the one hand, it will serve a 
training function and be a tool for advancing the problem-solving art and, on 
the other hand, it will stimulate interest in computer research by virtue of its 
existence and as a challenge to improvement. 

One phase of the support of a computer program which has been largely ignored 
is the role of the computer as a tool in theoretical research. Many programs of 
research at universities will lag if the necessary tools are not made available. 
The rental of commercia! time at $400-$600 per hour is an expense that cannot 
be fitted into most research programs. Taking advantage of the unique facili- 
ties of a university to ccnstruct a computer can result in an effective computing 
center running at a much lower cost. The interaction between the user and the 
builder is thus much stronger and more immediate. 

Current research programs which will include the design and development 
of advanced computers are being carried out at Argonne National Laboratory, 
Brookhaven National Laboratory, the Rice Institute, the University of Illinois, 
and the University of Chicago. The possibility of carrying out some component 
research by industry is being investigated. 

This broad area of research was touched upon by Dr. Metropolis in his testi- 
mony yesterday. The second area would include research on the utilization of 
computers including the appropriate mathematics research. In the field of 
applied mathematics, Dr. Courant’s group at New York University probably has 
no equal in the world. The AEC maintains at New York University a UNIVAC 
and an IBM 704 computer, the largest commercially available machines. The 
description of the Monte Carlo method by Dr. Richtmyer is an example of the 
type of research carried out with the help of the computers. 

Throughout the program, emphasis is placed on the development of advanced 
methods and ideas which will lead to the computers of the future which will 
presumably be orders of magnitude greater in capacity and will allow the amount 
of research per man year to be increased. Efficient use of the research people 
we now have may turn out to be almost as important as providing the scientists 
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for the next few decades. They key to more efficient use must involve automation 
and its prime representative, the digital computer. 


Pe BROT GOT ON isis oh ee el ea eee $400, 000 
AEC Computing and Applied Mathematics Center (New York Univer- 

ssc = Boat te tite cs area cena ent ces alent sna AcE a el dapat Gieai 730, 000 
University Computers (Rice, Illinois, Chicago)_-_--._-_----_----_-~--~- 600, 000 
peietbenetos Sendai a i es ects Se ean see baees 360, 000 


CHEMISTRY RESEARCH PROGRAM 


Dr. McDanriet. In order to conserve time I would like to go ahead 
with the chemistry program (chart 8) and say a new words about that. 


CHEMISTRY 


MILLIONS OF DOLLARS 





20 





CLASSIFIED PROJECT "A ie 


PROCESS ~~ 





15 


CHEMICAL ISOTOPE 4 
SEPARATION STUDIES” ~ 


10 


PROPERTIES & REACTIONS —aw Hee 





FISCAL YEARS ‘1957 /~«~=Sé«*958~=~S*«CQ'S 
(ACTUAL) (EST.) (EST.) 


CHART §&. 


Physical research program—Operating—Division of Research—Chemistry 


{In thousands] 





| 
oa isci il year Fiscal year Fiscal year 
1957, actual 1958, esti- 1959, esti- 

mated | mated 


Process chemistry 





—- 
eee 3 | $5, 511 | $5, 471 
Classified project A | 0 1, 410 1, 490 
Chemical properties and Teactions 12) 522 14, 372 14, 332 
Chemical isotope separation studies __ ant 577 560 560 
a ‘ se 
Chemistry research. | 19, 352 


The two sessions of scientific presentation of the chemistry program 
of the Research Division offered, of course, only selected snapshots of 
the program. The complete program is much broader than indicated 
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by those selections, and is aimed at obtaining a fundamental under- 
standing of the chemical phenomena, and at finding solutions to the 
chemical problems involved in the many operations making up an 
atomic energy enterprise. Practically all phases of this enterprise 
contain important chemical aspects, which may in many cases be 
economically or technically controlling. 

About 77 percent. of the chemistry-research program is conducted 
in the major AEC-owned laboratories. These investigations range all 
the way from the very basic, some of which were described in previous 
testimony by the scientists conducting the research, to the applied, 
which have specific, short-range goals, such as the development of a 
chemical separation process. The 1 remaining 23 percent of the chemis- 
try research program is carried out mainly ‘by means of research con- 
tracts with educational institutions. A total of about 180 such chem- 


istry contracts now exist with an average annual AEC contribution 
of about $20,000 each. 


Again with your permission, Mr. Chairman, I would like to insert 
in the record a list of the chemistry contracts and an accounting of 
the expenditure for the chemistry research program. 

tepresentative Price. Without objection, it is so ordered. 
(The information referred to follows :) 


PHYSICAL RESEARCH CONTRACTS—CHEMISTRY 
(Contracts listed as of February 13, 1959) 


Alabama, University of. J. L. Kassner, E. L. Grove, and D. F. Smith, A Study of 
the Principles, Theory, and Practice of High Frequency Titrimetry. 

Alabama, University of. D. F. Smith, Cryoscopic Determinations in Fused Salt 
Systems. 

Arizona, University of. D. S. Chapin, The Mechanism of the Heterogeneous Low 
Temperature Ortho-Hydrogen Conversion. 

Arizona, University of. Edward N. Wise, Coulometric Analysis of Rare-Earth 
Elements at Controlled Potential. 

Arkansas, University of. E.S. Amis, Electron-Transfer Reactions. 

Arkansas, University of. R.R. Edwards, R. W. Fink, and A. Fry. Nuclear Chem- 
istry Research. 

Arkansas, University of. T. C. Hoering and R. R. Edwards, Nuclear Geo- 
chemistry. 

Boston University. L. C. W. Baker, Preparations, Structures, and Properties of 
Heteropoly Ions. 

Boston University. A. H. A. Heyn, Analytical Separations in the Presence of 
a Large Proportion of Bismuth. 

Brandeis University. Henry Linschitz, Photochemical Reactions of Complex 
Molecules in Condensed Phase. 

Brooklyn, Polytechnic Institute of. H. Morawetz, Study of Radiation Induced 
Solid State Polymerization. 

3rown University. John O. Edwards, Mechanisms of Perioxide Reactions. 

Buffalo, University of. G. M. Harris, Applications of Isotopes in Chemical 
Kinetics. 

California Institute of Technology. Harrison Brown, Study of the Fundamentai 
Geochemistry of Critical Materials and the Development of Economic Processes 
for their Isolation. 

California Institute of Technology. Norman Davidson, Complex Ions and Re- 
action Mechanisms in Solutions. 

California, University of. C. 8S. Garner, Isotopic Exchange Reactions. 

California, University of. J. H. Hildebrand, Intermolecular Force and Solu- 
bility. 

California, University of. R. L. Scott, Fluorocarbons Solutions. 

Carnegie Institute of Technology. A.A. Caretto, Nuclear Chemistry Research. 

Carnegie Institute of Technology. G. J. Mains, High Intensity X-Radiolysis. 
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Case Institute of Technology. Louis Gordon, Coprecipitation from Homogeneous 
Solution. 

Catholic University of America. F. O Rice, The Production and Identification 
of Free Radicals. 

Chicago, University of. Edward Andres, Radiochemical and Geochemical 
Studies. 

Chicago, University of. Robert Gomer, Corrosion Research with Field and Ion 
Microscopy. 

Chicago, University of. ©. A. Hutchison, Jr., Paramagnete Resonance Absorp- 
tion. 

Chicago, University of. J. BE. Mayer, Statistical and Quantum Mechanics of In- 
teracting Atoms. 

Chicago, University of. Henry Taube, Reactions of Solvated Ions. 

Chicago, University of. A. Turkevich and N. Sugarman, Nuclear Chemistry 
Research. 

Chicago, University of. A. Turkevich and N. Sugarman, Synchrocyclotron 
Operation. 

Chicago, University of. H. C. Urey, Research on the Natural Abundance of 
Deuterium and Other Isotopes in Nature. 

Clark University. A. E. Martell, Reactions of Partially-Chelated Metal Ions. 

Clark University. T. T. Sugihara, Nuclear Chemistry and Radiochemistry. 

Clarkson College of Technology. Milton Kerker, A Study of the Size and Shape 
of Colloidal Particles by Light Scattering and Electron Microscopy. 

Clarkson College of Technology. H. L. Shulman, The Determination of Inter- 
facial Area in Packed Absorption and Distillation Columns. 

Colorado, University of. R. N. Keller, The Scintillation Properties of Co- 
ordination Compounds. 

Colorado, University of. H. F. Walton, Specific Attractions in Ion Exchange. 

Columbia University. V.K. LaMer, The Preparation and Evaluation of Supe- 
rior Flocculating Agents for Phosphate Slimes. 

Columbia University. P. F. Kerr, Alteration and Mineralization of Primary 
Uranium Deposits. 

Columbia University. J. L. Kulp, Helium and Argon in Rocks and Minerals. 

Columbia University. J. M. Miller, Research in the Field of Radiochemistry. 

Columbia University. R. M. Noyes, Photochemical Reactions of Iodine. 

Columbia University. T. I. Taylor, Separation of Isotopes by Chemical 
Exchange. 

Connecticut, University of. J. T. Stock and W. C. Purdy, Analytical Chemistry 
of Low Concentrations. 

Connecticut, University of. Rowland Ward and W. C. Orr, Tracer Element 
Distribution Between a Solid and a Melt. 

Cornell University. Richard Bersohn. Gradient of the Electric Field in Ionic 
Crystals. 

Cornell University. R. M. Diamond, Exchange Resin and Solvent Extraction 
Mechanisms, 

Cornell University. F. A. Long, Mechanism of Acid Catalysis and Studies in 
Deuterium Oxide as Solvent. 

Delaware, University of. R. L. Pigford, Thermal Diffusion in Liquids. 

Drexel Institute of Technology. H. H. Anderson, Fundamental Exploratory 
Investigations of Chemical Reactions at High Temperatures (500°-1,000° C.) 

Duke University. H. A. Strobel, Ion Exchange in Polar Non-Aqueous Solvents. 

Duquesne University. N. C. Li, Solution Chemistry of Metal Complexes. 

Emory University. A. L. Underwood, Jr., Anion Analysis by Infrared Spectro- 
photometry. 

Florida State University. Gregory R. Choppin, Study of the Chemistry of the 
Actinide and Lanthanide Elements. 

Florida State University. Gregory R. Choppin, Search for Long Lived Radio- 
activities; Theoretical Nuclear Studies. 

Florida State University. R. H. Johnsen, Radiation Induced Effects in Halo- 
gens and Certain Inorganic Halides. 

Florida State University. R. BE. Johnson, Exchange Between Labeled Halogens 
and Certain Inorganic Halides. 

Fordham University. Michael Cefola, Studies on Formation of Complexes by 
Thenoyltrifluoracetate and Other Chelating Agents. 

General Dynamics Corp. Merten Ulrich, The High-Temperature Chemistry of 
Fission-Product Elements. 
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Georgia Institute of Technology. Jack Hine, The Effect of Structure on the 
Reactivity of Polyfluoro Inorganic Compounds. 

Georgian Court College. Sister Mary Peter Coakley, Absorption Spectra of 
Some Coordination Compounds of Beryllium, Magnesium, Zinc, Nickel, Copper, 
and Mercury. 

Harvard University. Clifford Frondel, Synthesis of Uranium and Thorium 
Minerals. 

Haverford College. Russell Williams, Jr., Radiation Chemistry: Reactions In- 
duced by Low Energy Electrons. 

Illinois Institute of Technology. M. L. Bender, Correlation of Isotopic Rate 
Effects with Reaction Mechanism. 

Illinois Institute of Technology. T. J. Neubert, Color Centers and Related 
Phenomena in Sodium Cyanide Single Crystals. 

Illinois, University of. H. G. Drickamer, The Mechanism of Molecular Motion 
as Determined from Diffusion and Thermal Measurements. 

Illinois, University of. R. H. Herber, Isotope Exchange Reactions in Non- 
Aqueous Solvents. 

Illinois, University of. P. E. Yankwich, Studies in Radiochemistry. 

Indiana University. R. B. Fischer, Precipitation Processes in Analytical Chem- 
istry. 

Indiana University. F. T. Gucker, Thermodynamic Properties of Solutions. 

Indiana University. L. L. Merritt, Jr., Studies with Radioactive Tracers. 

Indiana University. W. J. Moore, Rate Processes in Inorganic Solids at High 
Temperatures. 

Indiana University. W. B. Schaap and F. C. Schmidt, Electrochemical Re- 
search in Amine Solvents. 

Indiana University. R. L. Seifert, Chemical Equilibria at High Temperatures, 
and the Mechanism of Vaporization of Compounds. 

Indiana University. R. L. Seifert, Study of Inorganic Salts at High Tempera- 
tures. 

Iowa, State University of. Leroy Eyring, Preparation of Rare Earth Oxides. 

Iowa, State University of. Karl Kammeremyer, Separation of Gases by Dif- 
fusion Thru Permeable Membranes. 

John Hopkins University. P. H. Emmett, Study of Catalytic Surfaces and the 
Mechanism of Catalytic Reactions. 

Johns Hopkins University. W.S. Koski, Studies in Nuclear Chemistry. 

Kansas Ctate Collece. H. C. Moser, Chemical Effects of Neutron Irradiation of 
Phosphorus Compounds. 

Kansas, University of. P. W. Gilles, High Temperature Research. 

Kansas, University of. P. W. Gilles, Hot Laboratory Assistance. 

Kansas, University of. Ernest Griswold and Jacob Kleinberg, Some Problems 
in the Chemistry of Low Oxidation States of Metals. 

Kansas, University of. F. 8S. Rowland, The Chemical Reactions of Energetic 
Recoil Atoms. 

Kansas, University of. E. J. Zeller, Thermoluminescence and the Geochemistry 
of Calcium Carbonate in relation to Radioactive Impurity Content. 

Kentucky Research Foundation. A. W. Fort, Rearrangement in the 3-Phenyl-1- 
butyl-3-14C System. 

Kentucky Research Foundation. W. F. Wagner, and J. F. Steinbach, Solvent. 

Extraction and Spectrographic Analysis of Rare Earths. 

Louisville, University of. R. H. Wiley, Synthesis and Properties of Ion-Ex- 
change Resins. 

Louisville, University of. R. H. Wiley, Organic Radiation Chemistry. 

Maryland, University of. BE. R. Lippincott, Raman Spectra of Colored and 
Absoring Substances. 

Maryland, University of. E. A. Mason, Thermal Diffusion in Gases. 

Massachusetts Institute of Technology. C. D. Coryell, D. N. Hume, and J. C. 
Sheehan, Nuclear Chemistry Research. 

Massachusetts Institute of Technology. F. A. Cotton, Thermodynamic, Spectral, 
and Structural Studies of Complex Ions. 

Massachusetts Institute of Technology. A. M. Gaudin, Techniques in Mineral 
Engineering. 

Massachusetts Institute of Technology. P. M. Hurley, Investigations of Iso- 

topic Abundances of Strontium, Calcium, and Argon in Certain Minerals. 

Mellon Institute of Industrial Research. F. A. Miller, Vibrational Spectra of 
Inorganic Compounds. 
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Michigan State University. C. H. Brubaker, Jr., Studies of Certain Complex 
Compounds of Platinium. 

Michigan State University. J. L. Dye, Thermodynamic Investigation of Dilute 
Solutions of the Alkali Metals in Liquid Ammonia. 

Michigan State University. M. T. Rogers, A Physico-Chemical Investigation 
of the Interhalogen Compounds. 

Michigan, University of. R. B. Bernstein, Fundamental Research on Isotope 
Reactions. 

Michigan, University of. P. J. Elving, Polarographic Behavior or Organic 
Compounds. 

Michigan, University of. W. W. Meinke, Nuclear Chemical Research. 

Michigan, University of. BE. F. Westrum, Jr., Low Temperature Chemical 
Thermodynamics. 

Minnesota, University of. W. M. Lauer, Deuteration of Aromatic Hydro- 
carbons. 

Montana State University. R. J. Hayden and Jack Wehrenberg, Geological 
Correlation Program Utilizing Argon-Potassium Dating. 

New Hampshire, University of. A. R. Amell, The Beta Decay of C* in Doubly 
Labeled Ethane in the Presence of Methyl Amine. 

New Hampshire, University of. H. M. Haendler, Reactions in Non-Aqueous 
Solvents. 

New Mexico Highlands University. E. G. Meyer, The Kinetics of the Radio- 
chemical Exchange of Some Organo-Metallic Compounds. 

New York State College for Teachers. O. E. Lanford, Concentration of Nitro- 
gen 15 by Chemical Exchange. 

North Carolina State College of Agriculture and Engineering. F. P. Pike, Per- 
formance of Contractors for Liquid-liquid Extraction. 

Northwestern University. Fred Basolo and R. G. Pearson, Mechanism of Sub- 
stitution Reactions of Inorganic Complexes. 

Northwestern University. Malcolm Dole, Mechanism of High Energy Radia- 
tion Effects on Polyethylene. 

Notre Dame, University of. Milton Burton, Radiation Chemistry Studies. 

Ohio State University. M. H. Kurbatov and J. D. Kurbatov, Study of Complex 
Beta Decay Spectra. 

Ohio State University. David White, Specific Heat Determinations of Pure, 
Solid Para Deuterium. 

Ohio University. R. J. Kline, The Reaction of Uranium with Solutions of Am- 
monium Salts in Liquid Ammonia. 

Ohio University. W. B. Smith, The Pinacol Rearrangement of 1,1,2-Trimethle- 
thylene Glycol. 

Oklahoma State University of Agriculture and Applied Science. E. M. Hodnett, 
The Isotope Effect in the Study of Chemical Reactions. 

Oklahoma State University of Agriculture and Applied Science. T. E. Moore, 
Separation of Inorganic Salts by Liquid-Liquid Extractions. 

Oklahoma, University of. J. R. Nielsen, Spectroscopic Properties of Fluorocar- 
bons and Fluorinated Hydrocarbons. 

Oregon State College. T. H. Norris, A Study of Generalized Acid-base Phenom- 
ena in Non-Aqueous Ionizing Solvents with Radioactive Tracers. 

Oregon, University of. D. F. Swinehart, Study of Gaseous Chemical Reaction 
Kinetics, Using a Mass Spectrometer. 

Pennsylvania State University. T. F. Bates, An Investigation of the Mineral- 
ogy and Petrography of Uranium-Bearing Shales. 

Pennsylvania State University. T. F. Bates and Wm. Spackman, Jr., An In- 
vestigation of the Mineralogy, Petrography, and Paleobotany of Uranium- 
Bearing Lignites. 

Pennsylvania State University. W. C. Fernelius, Stabilities of Coordination 
Compounds and Related Problems. 

Pennsylvania State University. C. R. Kinney, Investigation of the Chemical 
Nature of the Organic Matter of Uraniferous Shales. 

Pennsylvania State University. W. W. Miller, Chemical Reactions Induced in 
Condensed Systems by B-Decay. 

Pennsylvania State University. R. P. Seward, Chemical Properties of Fused 
Sodium-Hydroxide. 

Pennsylvania, University of. John O’M. Bockris, A Study of the Structure of 
Molten Salts and Silicates. 

Pittsburgh, University of. Henry Freiser, The Development and Testing of 
Organic Reagents for Use in Inorganic Analysis. 
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Pittsburgh, University of. Robert Levine, Synthesis of Beta-Diketones and 
Beta-Ketoesters with Heterocyclic Nuclei. 

Princeton University. John Turkevich, Temporary and Permanent Effects 
Produced by Radiation on Solids. 

Princeton University. John Turkevich, Study of Nucleation Processes. 

Providence College. M. A. Fineman, The Study of Gaseous Negative Ions 
Formed by Electron Impact. 

Purdue Research Foundation. J. W. Cobble, Chemistry and Nuclear Chemistry 
of the Heavy Elements. 

Purdue Research Foundation. Thomas Devries, Polarography in Non-Aqueous 
Solvents. 

Purdue Research Foundation. W. F. Edgell, Studies in Molecular Spectroscopy. 

Purdue Research Foundation. W. H. Johnston, Radiochemical Studies in Kin- 
etics and Nuclear Chemistry. 

Purdue University. H. C. Brown, Chemistry of Polyvalent Metal Halides. 

Reed College. A. F. Scott, The Diffusion of Cathodic Hydrogen Through Metals. 

Rensselaer Polytechnic Institute. H. M. Clark, Extraction of Inorganic Sub- 
stances by Organic Solvents. 

Rensselaer Polytechnic Institute. G. J. Janz, Thermodynamics and Conduct- 
ance of Simple Electrolytes in Polar Organic Solvents. 

Rensselaer Polytechnic Institute. R. A. Osteryoung, A study of Complex Ions 
in Fused Melts. 

Rochester, University of. E. O. Wiig, Studies of Spallation Reactions. 

Rutgers University. E. R. Allen, Polar Inorganic Molecules. 

Rutgers University, William Rieman, III, Analytical Chemistry of the Poly- 
phosphates. 

South Carolina, University of. O. D. Bonner, Fundamental Studies of Ion Ex- 
change Equilibria. 

Southern California, University of. A. W. Adamson, The Photochemistry of 
Complex Ions. 

Southern California, University of. H. L. Friedman, Solutions of Inorganic 
Electrolytes in Solvents of Low Dielectric Constant. 

Southern California, University of. W. K. Wilmarth, Homogenous Solution Re- 
actions ef Molecular Hydrogen. 

Southern Research Institute. R. B. Ellis, Surface Tension of Fused Salts. 

Stanford Research Institute. Daniel Cubicciotti, A Fundamental Study of 
Fused Salts and Salt-Metal Systems. 

Stetson University. John V. Vaughen, High Temperature Electromotive Force 
Measurements. 

Stevens Institute of Technology. Everett R. Johnson, Effect of Radiation on 
Solids. 

Syracuse University. B. P. Burtt, The Mechanisms of Some Radiation Induced 
Gas Reactions and the Chemical Reactions of Electrons. 

Temple University. A. V. Grosse, Research in Basic Inorganic Chemistry. 

Tennessee, University of. J. F. Eastham and C. W. Keenan, Determination and 
Application of Separation Factors for some Chemical Fractionations of Hy- 
drogen Isotopes. 

Tennessee, University of. H. A. Smith, Studies dealing with the Rates of Cata- 
lytic Reactions in the Presence of Salts. 

Tennessee, University of. P. B. Stockdale, Investigation of the Chattanooga 
Black Shale of Tennessee as a Sousce of Uranium. 

Texas, University of. G. W. Watt, Unusual Oxidation of Transitional Elements. 

Texas, University of. P. D. Gardner, Synthesis of Certain Heterocyclic Organo- 
phosphorus Compounds. 

Tufts College. T. R. P. Gibb, Research on the Preparation of Uranium Hydride; 
Research on Dydrides. 

Utah, University of. Henry Eyring and C. J. Christensen, Studies on Surface 
Chemistry. 

Utah, University of. A. L. Wahrhaftig, Ionization and Dissociation of Molecules 
by Electron Bombardment. 

Vanderbilt University. D.C. Bardwell, Radiation Stability and Inorganic Radio- 
chemistry. 

Vanderbilt University. E. A. Jones, Raman Spectra of Some Inorganic Fluorine 
Compounds. 

Washington, State College of. R. J. Carr, Mechanism of Nuclear Reactions. 

Washington, State College of. John P. Hunt, Use of N-15 to Study Certain Prob- 
lems in Nitrogen Chemistry. 
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Washington, University of. A. L. Babb, Separation Efficiency of Pulsed Extrac- 
tion Columns. 

Washington University. H. A. Potratz, Geologic Dating of Corals and other 
Calcareous Materials. 

Washington University. A. C. Wahl, Radiochemical Studies of the Fission 
Processes. 

Washington University. S. I. Weissman, Generation of High Voltages by Means 
of Nuclear Radiation. 

Western Reserve University. E. L. Pace, Thermodynamic Properties of Gases. 

Wisconsin, University of. W. J. Blaedel, Ion Exchange Separation Scheme for 
the Identification of Radioelements. 

Wisconsin, University of. J. O. Hirschfelder, Quantum Mechanical and Semi- 
empirical Determination of Intermolecular Forces. 

Wisconsin, University of. E. L. King, Studies of Rates and Equilibria in In- 
organic Reactions in Solution. 

Wisconsin, University of. Irving Shain, Kinetic and Mass Transfer Problems 
in Electrochemistry ; Application to Analytical Methods. 

Wisconsin, University of. John E. Willard, Application of Radioisotopes to 
Chemical Problems. . 

Yale University. P. A. Lyons, Diffusion Coefficients of Electrolytes and Mole- 
cules. 

Yale University. Richard Wolfgang, Research in Nuclear Chemistry. 


[In thousands] 

















Category and laboratory Fiscal year | Fiscal year | Fiscal year 
1957 1958 1959 
Chemistry: 

NE i sesiesncnsecnnsvascsacuevesweaeasaipeles $5, 033 $5, 511 $5, 471 
kab citnwtciniekiccnciatadeddccnienbabemmnennelen 182 184 184 
PN iki inn Dakin cecisnce camisetas enka aenmiaee 722 855 855 
TN ti nih ten ns dune gaia easeSauald 347 385 400 
DMs hadisnve Such abr os onntiaehoctnth eahleneeeadaee 2, 306 2, 643 2, 558 
I le aia ns a ke aloe eee okeaee 31 0 0 
TOM hatha ditinkniine cited bouscnendiemletindudii minced 131 = 155 

4 

1, 285 1, 315 
1, 410 1, 490 
475 460 
115 125 
385 400 

0 

435 505 

EE IR ici ios epic eco elinscbnddaniomenal 12, 522 14, 372 14, 332 
NIN Soe Te Uh hla casa eee 1,026 1, 060 1, 060 
MII ale bist is nt ba area init. cela a ee balabaadatae 2, 656 2, 852 2, 867 
SPREE Sie dn cance chdnpaeepmbbnkieaheharabebeianan 2, 188 2, 675 2, 675 
Paki bas Sac a ateddose cubenengawikithwuaeeegeewiion 1, 513 1, 820 1, 816 

TASS eked: plat meee Rear’ 1, 992 2, 245 2, 280 
DPMS tictcnghaciasbideshb path otbehemaanicabecwation 177 0 
a ctl oath ten aceasta koa asia insane 157 225 225 
MR tok d ekstatan aes aukedcobadeaddlaniedasawenaen 183 399 399 
WIN Fis ood pi cna ckuiccbacsbidadcodse abe 2, 630 3, 096 3, 010 

Chemical isotope separation. ..........-.-..----.-----..-- 577 560 560 
I aiid: cibnnsipancctinnadeudwammncndtpitiabiiantios 16 7 78 
SE lta ih Je, se cuatiisenrekgeginn aia mahetcanl alien 342 257 262 
EE Pann on ncn oa alegnapmeenemnnmnetl 219 225 220 

I, I iiss ts lke tiie ssd 19, 352 21, 853 21, 853 


1“Washington” indicates off-site contracted research, predominantly at educational institutions. 
Amounts shown for fiscal year 1958 and fiscal year 1959 for Washington are estimated obligations; amount 
sbown for fiscal year 1957 represents actual costs. 


Dr. McDanret. An important byproduct of this university re- 
search, which is essentially all basic and unclassified, is the training it 
affords to graduate students, many of whom remain in fields related 
to atomic energy after obtaining their doctorates. Over 500 graduate 
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students are now being employed under the existing chemistry-re- 
search contracts. 

For convenience in program planning and budgeting, the chemistry 
research is divided into four main categories: Process chemistry 
classified project A, chemical properties and reactions, and chemical 
methods of isotope separation. A large part of the process chemistry 
research effort represents applied adie of new methods of process- 
ing various types of nuclear fuels and ores. Solvent extraction and 
ion exchange techniques, discussed by Dr. Peppard and Dr. Powell, 
are being investigated for various separation and purification prob- 
lems. The development of solvent extraction techniques for the proc- 
essing of uranium ores has been particularly successful, and several 
new ore-processing mills in the Western United States are using or 
planning to use such processes developed under this program. Con- 
siderable emphasis is currently being placed on obtaining information 
on methods of high-temperature, nonaqueous processing of irradi- 
ated fuels. Compared to aqueous methods, such processes would offer 
the advantages of smaller waste volumes and of relative ease of recon- 
version of the uranium to the metallic state. Work is also conducted 
on the development of suitable analytical techniques for process con- 
trol, and on the determination of physical and chemical ee of 
various systems to provide data necessary for process development. 
This activity also includes the development of methods for producing 
rare earth salts, and the investigation of processes for obtaining pure 
uranium, thorium, zirconium, hafnium, niobium, tantalum, and other 
materials of interest to the atomic-energy program. Efforts are now 
increasing on the development of isolation methods for transuranic 
elements (such as neptunium and americium) in existing process 
streams or wastes, and in the reactor production of other transuranic 
elements required for research and development, such as californium. 
All of these process development studies are conducted in the AEC 
laboratories. Also included in this category are fundamental geo- 
chemical and geophysical research, carried out mainly in universities 
and the USGS, which is aimed at obtaining a better understanding of 
the geological processes responsible for the deposition of uranium and 
thorium ores. Some interesting information which resulted from 
studies of the radioactivity in naturally occurring materials was dis- 
cussed by Dr. Urey. 

Chemical methods of isotope separation are often either the best or 
the only feasible methods. The large-scale separation of heavy water 
from ordinary water, for example, is accomplished by a chemical- 
exchange method. Such methods, whose theoretical foundation was 
discussed by Dr. Bigeleisen, are based on variations in chemical rates 
or equilibria caused by differences in the masses of the isotopes in- 
volved. The objective of this research program is to relate the basic 
chemistry of an element to feasible isotope-separation methods so that 
probable cost and availability data may be obtained for isotopes which 
may be required in some phase of the atomic-energy program. Sepa- 
ration methods are developed for isotopes for which there is a reason- 
able possibility of a requirement developing, for either research or 
larger-scale uses. Effort is currently being placed on studies of the 
preparation of tritium-free deuterium, nitrogen-15, and other isotopes 
Tor research purposes. 
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The activities in the category entitled “Chemical Properties and 
Reactions” represent the long-term, fundamental investigations in 
various fields of chemistry which are related to the atomic-energy pro- 
gram. The programmatic and applied work is dependent on funda- 
mental knowledge of the behavior and properties of materials and 
systems being used; moreover, new programs and new concepts many 
times have their genesis in basic research, such as that being carried 
out in this category. Practically all of the chemistry research previ- 
ously described in the oral testimony is being carried out in this pro- 
gram. The nuclear-chemistry investigations, some of which were dis- 
cussed by Drs. Friedlander, Rasmussen, and Huizenga, include the 
production, isolation, identification, and studies of properties of vari- 
ous nuclides, which may be produced by neutron or charged-particle 
reactions, which may result from induced or spontaneous fission, or 
which may arise from the radioactive decay of naturally occurring or 
artificially produced nuclides. Considerable emphasis is placed on 
the nuclear and chemical properties of the heavy elements. 

New facilities, such as higher flux reactors and high-energy acceler- 
ators, increase the interest and potentialities in the field of nuclear 
chemistry. Another important segment of this category is concerned 
with studies of the effects of radiation on chemical systems, and was 
discussed by Drs. Burton, Allen, Hart, and Livingston, and with hot- 
atom chemistry, discussed by Dr. Willard. The presence of radiation 
cannot be avoided in many atomic-energy operations, and it is there- 
tore essential to understand and to be able to predict its effect on 
various chemical systems and operations. Moreover, the development 
of industrial applications for large-scale radiation sources will cer- 
tainly be enhanced by a broad basic understanding of the chemical 
reactions involved in radiation processes, rates of these reactions, and 
the products formed. 

High-temperature chemistry is of great importance to the atomic- 
energy program, due to the economic incentive of operating power 
reactors at high temperatures, and as a source of fundamental infor- 
mation of value in the conception and development of high-tempera- 
ture chemical processing methods. This research, some of which was 
discussed by Dr. Gilles, includes studies of kinetics and equilibria of 
reactions at elevated temperatures in the gaseous, solid, and liquid 
states. Fused salts, and solutions of metals in fused salts, are receiv- 
ing investigation. Thermodynamic data such as vapor pressure, 
heats of melting and vaporization, and identification of species exist- 
ing in the vapor states are being studied in many systems of basic 
interest. Also included in this category is basic analytical chemistry 
research, essential to the development of analytical procedure for all 
materials of interest to the AEC program; of particular interest are 
problems of radiochemical analysis, and of chemical analysis in the 
presence of large amounts of radiation. 

Isotope effect studies, such as those described by Dr. Bigeleisen, are 
also included in this category, and involve theoretical and experi- 
mental research on the effects of mass differences on chemical reaction. 
In addition to being the basis for chemical isotope separation proc- 
esses, such effects help us to obtain a better basic understanding of 
chemical processes. <A relatively small amount of basic organic chem- 
istry research is also carried out; it is related to the organic materials 
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which are important to the AEC program, and to the study of prob- 
lems to which the uses of isotopes can be applied. 

General physical and inorganic chemistry studies, also included in 
the category chemical properties and reactions are conceived to pro- 
duce quantitative thermodynamic and kinetic data, as well as informa- 
tion on the chemical behavior of inorganic materials and their solutions 
and on the structure of molecules, as described by Dr. Levy. A large 
amount of attention is given to studies of the chemistry, particularly 
of the heavy elements and fission products, of aqueous systems: solu- 
bilities, oxidation states, ionic species in solution, reaction mechanisms, 
etc. Such information, when related to similar information for 
organic solvents or for ion exchange materials, may lead to separation 
techniques as discussed by Drs. Sena and Powell. One of the 
most important practical problems in the field of reactor technology 
is that of corrosion; increasing emphasis is therefore being given to 
fundamental areas such as surface chemistry and electrochemistry 
which might contribute to the alleviation of the corrosion problem. 

The preceding discussion is intended to be primarily illustrative, 
and is certainly not exhaustive. The se of the chemistry pro- 
gram is dynamic, and shifts in detail according to changes in AEC 
program emphasis and to developments in scientific techniques and 
concepts. A strong program of basic research is supported at each 
major AEC laboratory ; we feel that this is essential to the continued 
vigor of the atomic-energy program as a whole. The research poten- 
tial of the AEC laboratories must be maintained and strengthened, 
in terms of the search for new ideas, expansion of basic knowledge in 
fields of chemistry related to atomic energy, an accumulation of basic 
facts and data to serve as the foundation of technical progress, and 
the development of possible applications to the point where evaluation 
of their suitability and feasibility can be accomplished. 





METALLURGY AND MATERIALS RESEARCH PROGRAM 


The program of research supported by the Metallurgy and Materials 
Branch of AEC’s Division of Research includes metallurgy, ceramics, 
corrosion, solid state physics, and the effects of radiation on materials. 
The six witnesses who appeared before the subcommittee on February 
6, 1958, described in some detail their individual research efforts 
carried out under this broad program. 

The long-term objectives of the Metallurgy and Materials Branch 
are achievement of a fundamental understanding of the properties of 
materials and their interactions with radiation (including fast par- 
ticles), and the development of special materials for the atomic energy 
program. In pursuit of those objectives approximately 37 percent 
of the funds available to the branch are spent in support of funda- 
mental research at universities. This off-site program contributes 
between one-fourth and one-third of the total of contract research spon- 
sored by all governmental agencies in the combined field of metallurgy- 
ceramics and approximately one-fourth of the total for solid state 
physics, Attached as appendix A is a list of the Metallurgy and Ma- 
terials Branch off-site contracts (89 in number) on which 214 graduate 
students are being employed. This opportunity to assist in the train- 
ing of graduate students is a source of great satisfaction and is of 
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national importance. With the exception of a portion of one contract, 
all off-site projects and essentially all on-site projects are unclassified, 
a factor of great significance in permitting the unrestricted dissemi- 
nation of research results in the open literature. 

The major portion of our funds (63 percent) is spent at the on-site 
locations—A EC-owned installations such as the national laboratories 
and other nonacademic laboratories having special competence in the 
field of nuclear materials research. The breakdown of expenditures 
between these organizations and the university research program for 
the fiscal years 1957, 1958, and 1959 is shown in appendix B. Also 
shown are the categories in which the total program is organized for 
administrative purposes: (1) the production, treatment, and prop- 
erties of materials; (2) alloy theory and the nature of solids; (3) the 
effects of radiation on materials. 

Effort under the first category is more applied in character and 
consists of research and development on materials of special interest 
to the atomic energy program. Problems associated with fuel ma- 
terials, investigations of new special purpose alloys, methods of ex- 
traction and purification, corrosion, and ceramics as well as fused salt 
and liquid metals research are funded under this category. The cor- 
rosion research described by Dr. J. E. Draley, of Argonne National 
Laboratory, is an example of this effort. The pure materials program 
mentioned above also falls under this heading. Other examples are: 
the properties of graphite; the physical metallurgy of zirconium; 
recrystallization and sintering of ceramic materials; and the metal- 
lurgy of uranium. 

More than half the funds available to the Metallurgy and Materials 
Branch is expended in support of research in the second category— 
alloy theory and the nature of solids. It is devoted to fundamental 
studies designed to increase our understanding of the nature and prop- 
erties of solids. These studies are long range in character and are 
concerned more with phenomena than specific materials. The investi- 
gator chooses the materials best suited to the subject matter of his in- 
vestigation rather than fitting the experiment to materials designated 
by the Division of Research. Examples of investigations falling 
within this category were described by Prof. David Lazarus, Prof. 
Benjamin Averbach, and Prof. Cyril Stanley Smith. Other studies 
include the mechanisms of recovery and recrystallization, the nature 
of cold work, the thermodynamics of solids, and phase transformations. 

As you might expect, our heaviest support to university-type re- 
search comes within this category. The work falling under this cate- 
gory is essential for an understanding of the effects of radiation upon 
solids. It goes without saying that one could not hope to unravel radi- 
ation effects without an understanding of materials prior to irradia- 
tion. Irradiation effects are supported under the last category men- 
tioned above. In this category we support work not only at the Na- 
tional Laboratories but again at universities, with the universities 
making use of particle accelerators of their own and specialized facil- 
ities such as reactors and high-intensity gamma sources located at the 
National Laboratories. Many of these programs are conducted in 
cooperation with the staffs at the National Laboratories. 

r. David Holmes described his work wherein he was using nuclear 
radiations as a tool in the study of fundamental solid state phenomena. 
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On the other hand, Dr. G. J. Dienes described work on the effects of 
radiation on materials more from the standpoint of practicality in re- 
actor problems. Thus it is evident that the problems supported under 
this category range from the rather esoteric to the very practical. 
Another example of this are the studies which are conducted on glasses 
and crystalline quartz. These studies range from purely fundamental 
studies of the nature of defects produced under bombardment to the 
development of radiation-resistant glasses, the latter having proved 
useful in the design of optical equipment to be used in high-intensity 
radiation fields. 

With respect to the type of radiation used, as well as the materials, 
the choice is left to the individual investigator. It goes without saying 
that in many cases his limitation is the proximity to an accelerator 
on campus or closeness to a National Laboratory. This cooperative 
effort mentioned above has been found to be very useful both from the 
AEC’s point of view and the investigator’s point of view. The shar- 
ing of equipment and facilities on one hand and specialized abilities 
and interests on the other generally result in a more complete and, 
therefore, ultimately more useful investigation. This sort of interac- 
tion between the university community and the research staff at the 
AEC installations is encouraged wherever possible. 





APPENDIx A 
PHYSICAL RESEARCH CONTRACTS—METALLURGY—FEBRUARY 13, 1958 


The Anderson Physical Laboratory: Scott Anderson, Research for Purification 
of Metal Halides. 


Arkansas, University of: P. C. Sharrah and R. F. Kruh, Study of the Structure 
of Liquids by X-ray Diffraction. 
Armour Research Foundation: 
D. J. McPherson, Zirconium Phase Diagrams. 
D. J. McPherson, Constitution of the Systems Nb-O, Nb-N, Nb-C, and Nb-H. 
Bausch & Lomb Optical Co.: N. J. Kreidl, Irradiation Damage to Glass. 
Brown University : 
P. J. Bray, Radiation Damage Studies in Solids—Nuclear Resonance 
Absorption Technique. 

P. J. Bray and A. O. Williams, Jr., Electron-Spin Resonance Studies of 
Irradiated Materials. 

Rohn Truell, Radiation Effects in Solids. 


Buffalo, University of: Stanislaw Mrozowski, Basic Principles of Manufacture 
of Carbons. 


California, University of: 
R. R. Hultgren, Thermodynamic Functions for the Metallic State. 
WH. R. Parker, Creep of Alloys. 
Joseph A. Pask, Mechanics of Metal-Ceramic Bonding. 
A. W. Searcy, The Gaseous Species Above High Melting Solids. 
J. Washburn, Dislocation Origin and Properties. 
Canisius College: H. A. Szymanski, Investigations in Irradiated Vitreous Silica. 
Carnegie Institute of Techonology : 
G. Derge, Electrochemical Studies of Non-Aqueous Melts. 
C. L. McCabe, The Standard Free Energy of Formation of Certain Rare 
Earth Carbides. 
R. Smoluchowski, X-ray Studies of Lattice Imperfections 
R. Smoluchowski, Effect of Irradiation on Surface Reactions. 
R. Smoluchowski, Radiation Effects in Solids. 
F. N. Rhines, Fundamental Study of the Barly Stages of Sintering. 
H. W. Paxton, Effects of Hydrogen and Nitrogen in Niobium. 
Case Institute of Technology: 
W. M. Baldwin, Jr., Scaling of Zirconium at Blevated Temperatures. 


R. F. Hehemann, Kinetics of Phase Transformations in Zirconium-Niobium 
Alloys. 
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Chicago, University of: E. A. Long, Research on the Science of Materials. 
Colorado, University of: W. F. Love, Research on Metals and Alloys at Low 
Temperatures. 
Columbia University: G. L. Kehl, A Study of Inclusions in Uranium. 
Connecticut, University of: O. R. Gilliam, Radiation Damage Investigations in 
Aluminum Oxide by Paramagnetic Resonance. 
Cornell University: C. W. Spencer, Liquid-Solid Interfacial Tensions in Metal 
Alloy Systems. 
Florida, University of: Otto Zmeskal, Study of the Films Formed on Zir- 
conium-Niobium Alloys in Oxygen. 
Flow Corp.: Richard Davis, Metals Purification. 
Franklin Institute: 
R. L. Smith, F. F. Jaumot, and F. Nix, Basic Research in Solid State 
Physics—Scope I and II. 
H. Wilsdorf and R. L. Smith, Study of Radiation Effects in Solids by 
Electron Microscopy. 
General Dynamics Corp.: M. T. Simnad, Irradiation Effects on Surface Re- 
actions of Metals. 
General Electric Co.: David Turnbull, Fundamental Metallurgical Research. 
Harvard University: Bruce Chalmers, Reactions between Solid and Liquid 
Metals and Alloys. 
Horizons, Inc.: M. A. Steinberg, Electrolytic Extraction of Niobium. 
Illinois, University of: 
P. A. Beck, Annealing of Cold Worked Metals. 
T. A. Read, Diffusionless Phase Changes in Non-Ferrous Metals and Alloys. 
F. Seitz, Research on Radiation Damage. 
F. Seitz and D. Lazarus, The Mechanism of Substitutional Diffusion in 
Metals. 
G. M. Sinclair, Fatigue Behavior of Dilute Alloys of Niobium. 
Maryland, University of: H. W. Schamp, Jr., Processes of Diffusion and Elec- 
trical Conduction in Solids. 
Massachusetts Institute of Technology : 
B. L. Averbach and M. Cohen, Effects of Plastic Strain on the Diffusion 
Process. 
W. A. Backofen, Mechanical Properties of Metals at Low Temperatures. 
M. B. Bever, M. Cohen, and B. L. Averbach, Scope I, Thermodynamics and 
Other Aspects of Metallic Systems; Scope II, Thermodynamics and 
Structure of Solid Solutions; Scope III, Imperfections in Metals. 
J. F. Elliott, Activities in Liquid and Solid Binary Metal Systems. 
J. F. Elliott, Corrosion of Solid Alloys in Liquid Metals and Salt Melts. 
N. J. Grant, Deformation and Fracture of Metals at Elevated Temperatures. 
Thomas B. King, Kinetics of Reactions between Liquid Metals and Liquid 
Salts. 
W. D. Kingery and F. H. Norton, Basic Research in Ceramics. 
J. T. Norton and R. E. Ogilvie, The Physical Metallurgy of Uncommon 
Metals. 
B. E. Warren, A Study of Radiation Damage. 
J. Wulff and D. A. Stevenson, Liquid Metal Corrosion. 
Michigan, State University of: D. J. Montgomery, Thermal Properties of Sepa- 
rated Metallic Isotopes. 
Michigan, University of: D. V. Ragone, Investigation of Thermodynamic Activi- 
ties in Bismuth Systems. 
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Minnesota, University of: 

C. C. Hsiao, Effect of Atomic Radiation and of Molecular Orientation on 
Mechanical Behavior of Linear Solid High Polymers. 

M. EH. Nicholson, Solid Solubility of Interstitial Elements in Transition 
Metals. 

Missouri, University of : M. E. Straumanis, Corrosion of Nuclear Metals. 

National Carbon Co.: R. L. Cummerow, Preparation of Semi-Conducting Mate- 
rials. 

Nebraska, University of: Edgar A. Pearlstein, Studies of Imperfections in Solids. 

New York University : 

F. Horasymenko, Thermodynamic Properties of Zirconium-Oxygen and Nio- 
bium-Oxygen Alloys. 

John P. Nielsen, The Origin of Secondary Recrystallization Nuclei. 

B. R. Sundheim, Thermodynamic Properties of Sodium-Potassium Alloys. 

B. R. Sundheim, Absorption Spectra of Molten Salt Solutions. 

North Carolina, University of: Lawrence Slifkin, Research in Intermetallic 
Diffusion. 

Northwestern University: John W. Kauffman, A Study of Radiation Damage 
Resulting from Electron Bombardment. 

Ohio State University: C. H. Shaw, Soft X-ray Spectra of Metals and Alloys. 

Oregon, University of: George B. Adams, Jr., Electrochemical Studies on the 
Corrosion of Nuclear Reactor Metals. 

Pennsylvania State University : 

C. R. Kinney and P. L. Walker, Jr., Research on Graphite. 
R. Pepinsky, Neutron Single Crystal Structure Analysis. 
John A. Sauer, Effect of Radiation on Dynamic Properties of High Polymers. 

Pennsylvania, University of : 

Norman Brown, The Effect of Stress on Recovery. 
N. A. Gokcen, Vapor Pressure of Carbides. 
Robert Maddin, Effects of Plastic Stress on Diffusion. 

Pittsburgh, University of: W. E. Wallace, Application of Chemical Thermo- 
dynamics to the Study of Metallic Alloy Formation. 

Purdue University : 

Richard E. Grace, Diffusion in Liquid Alloys. 
Karl Lark-Horovitz, Basic Radiation Damage Studies. 

Rensselaer Polytechnic Institute: 

Edmond Brown, Theoretical Research Relating to Radiation Damage in 
Solids. 
H. B. Huntington, Anisotropic Self-Diffusion in Metals. 

Rutgers University: S. Weissman and J. J. Slade, Jr., Fundamental Study of 
Radiation Damage of Metals and Alloys by Means of Special X-ray Diffraction 
methods. 

Syracuse University: Frank Kanda and A. J. King, Alkaline Earth Phase Sys- 
tems. 

Tennessee, University of: E. E. Stansbury, Application of Adiabatic Calorimetry 
to Metal Systems. 

Tufts University: Charles E. Messer, Basic Properties of Light Metal Hydrides. 

Utah, University of: Ivan B. Cutler, Recrystallization and Sintering of Oxides. 

Virginia, University of: Allan T. Gwathmey, Growth and Chemical Properties of 
Nearly Perfect Crystals. 

Western Reserve University: Stefan Machlup, Point Imperfections in Metals. 

Yale University : 

Robert B. Gordon, The Structure of Metallic Liquids—Scope I, Ultrasonic 
Measurements; Scope II, Galvanomagnetic Measurements. 
W. D. Robertson, Physical Properties of Liquid Metals and Alloys. 


23103—58——50 
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APPENDIX B 


{In thousands] 











Category and laboratory Fiscal year | Fiscal year | Fiscal year 
1957 1958 1959 
Metallurgy and materials program: | 

Production, treatment, and properties of metals___..------ $1, 948 $2, 376 | $2, 401 
Sn a ee ad nnn enbateh hemes 272 320 320 
Argonne National Laboratory. -.........-..---------- 67: 777 77 
Knolls Atomic Power Laboratory-.-._---.....--------- 19 0 0 
Battelle Memorial Institute... ....0006-.-5-2060-- 199 204 204 
RRO SRP, RS a ode cbc denn ucedduccecde Cece 125 102 100 
TN eS. Ais ee daaeabeaaseual 661 973 1, 000 
aime nae: Si <1 be Be 3, 186 3, 879 | 3, 871 
Ames Laboratory Of cienbancket eed uannien es 570 686 686 
Argonne National Laboratory. -.-.-.....--...----------- 170 189 189 
Brookhaven Nationa! Laboratory__._......-....----- 554 735 749 
Oak Ridge National Laboratory --_-...-......-.---.--- 616 735 735 
Knolls Atomic Power Laboratory_........------------ 74 8 0 
Atomic International - - Tikal ca eats idem aes 149 172 172 

noe eee hs 2 Ti hd aaeeeenanuaeea’ 142 140 140 
WWGMINOE 802. oe: SS. 2s oda asda awouanekeeeete 911 1, 214 1, 200 
UI I do i is Seti Pe 1, 193 i, 575 1, 558 
Argonne National Laboratory ------- Saigpdcubes bape tine 60 161 161 
Brookhaven National Laboratory_.......-.-..-------- 119 150 143 
Oak Ridge National] Laboratory. -..........-.-----.--- 352 459 459 
Knolls Atomic Power Laboratory--..-.-..--.--------- 141 22 0 
Atomics International _.--_- a Rae ken aeeeeaes 87 100 100 
en TIO RO. Ld ok 5 < cccncsneectaneeedcedtaun 12 0 0 
a SS ceca eo ie eae 422 683 695 
MORNIN 6 3s Se es ads ee 6, 327 7, 830 | 7, 830 

| 





1 “Washington” indicates off-site contracted research, predominantly at universities. Amounts shown 
for fiscal year 1958 and fiscal year 1959 for Washington are estimated obligations; amount shown for fiscal 
year 1957 represents actual costs. 


Dr. McDanret. This chart (chart 9) shows the categories of the 
metallurgy and materials program, alloy theory, nature of solids, 


production treatment and properties of materials, the effects of irradi- 
ation on materials. 
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METALLURGY AND MATERIALS RESEARCH | 


MILLIONS OF ei 





EFFECTS OF IRRADIATIONS ee ag: 
ON MATERIALS” : : 


PRODUCTION TREATMENT & : 
PROPERTIES OF MATERIALS Dee 4 


ALLOY THEORY AND 
THE NATURE OF SOLIDS 





FISCAL YEARS 1957 1958 1959 
(ACTUAL) ; (EST.) (EST.) 


CHART 9. 


Physical research program—Operating—Division of Research—Metallurgy 


{In thousands] 
| 


Fiscal year Fiscal year Fiscal year 
7 195 











| 
i 
1957, 1958, 59, 
actual | estimated estimated 
= es ae ee } | 
Production, treatment, and properties of materials_........--- $1, 948 $2, 376 $2, 401 
Alloy theory and the nature of solids__.-..-- iaieiceebeee 3, 186 3, 879 3, 871 
Effects of irradiations on materials_-_-- io aneeigtealeubbicasaepaaaaiat 1, 193 1, 575 1, 558 
Metallurgy and materials research. -...............------ 6, 327 | 7, 830 | 7, 830 
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CONSTRUCTION OF RESEARCH FACILITIES 
I have here a chart (chart 10) which attempts to summarize the 
obligation for construction of physical research facilities for all of 


the years from 1949 to 1957. 


¥ 
e 


MAJOR RESEARCH MACHINES OBLIGATION 


and BSSOCIATED HOUSING jr 


$70 murions CONSTRUCTION 


for 
PHYSICAL RESEARCH 


TOTALLED 


$105 MILLIONS 
i * 
LABORATORY FY 1949 sm 1957 


BUILDINGS 


$ 12 MILLONS $ 25 MILLIONS r 








OTHER 


CHART 10. 


You will notice that we have spent under our program approxi- 
mately $105 million for construction and, as the chart illustrates, 
about $70 million of that has been spent on major research machines 
and associated housing, the cosmotron, bevatron, and other synchro- 
trons, and other research reactors and facilities of that type, $23 
million has been spent on laboratory buildings and about $12 mil- 
lion spent for other purposes. 

An additional item which should be mentioned here, the other divi- 
sions of the Commission have also supported construction which has 
materially benefited our program, and this chart makes no attempt 
to itemize those. 

Representative Price. What do we understand the major research , 
machines to include? 

Dr. McDantet. They include synchrotrons, Van de Graaff ma- 
chines and other major research devices. 

Representative Price. You mean all that we have in existence now 
are included in that $70 million ? 

Dr. McDantet. Yes, I believe that to be true. I think all that we 
have are now included in the $70 million except some machines which 
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were purchased under the Office of Naval Research-Atomic Energy 
programs and later it was agreed that these machines would be trans- 
ferred. ‘The University of Rochester synchrotron, the Carnegie In- 
stitute at Pittsburgh synchrotron, the University of Chicago syn- 
chrotron, there are a few of that character which are not included. 

Representative Price. So that if we approve the synchrotron for 
the Midwestern Universities Research Association, the estimated cost 
of which is now $100 million, one machine will cost as much as we 
have spent up to date on all existing machines ? 

Dr. McDanret. Generally speaking, this is about right. 

Representative Duruam. You do not put in that category of $70 
million things like computing machines, do you? 

Dr. McDantet. They were not listed as major research machines. 

Representative Price. Mr. Tammaro, sould you answer some of 
the fiscal questions that are involved here? The question has been 
asked whether computers would be included in this $70 million for 
major research. 

Mr. Tammaro. I thought we had those figures here. 

Dr. McDantet. There are no computers in this. 

Representative Price. They are not included in this. It would ap- 
pear that they would not be because one alone costs several million 
dollars and that would eat up that $70 million in a hurry. 

Mr. Tammaro. They would be in equipment. 

Representative Durnam. I think the relation is so close in carry- 
ing out the experiment that you might include them in that. I do 
not see any reason why you should. I am wondering whether we 
have spent this $70 million on absolutely technical machines as con- 
trasted with other types of machines. Could you just put in the rec- 
ord what the $70 million actually covers in machines? 

Dr. McDante.. I would be very happy to. 

Representative Duruam. That is a very small sum from 1949 to 
1957 when you think about how important these machines are in 
carrying out basic research in the country. 

Dr. McDanre.. We will insert it in the record. 

(The information referred to follows :) 


Breakdown on the construction obligations for physical research, fiscal years 
1949-57—Major research machines and associated housing 


Argonne National Laboratory : 


1, Research: séeeter. (OR-G) 23s cc ewannccienaicnnenimes $3, 460, 436 
University of Califoria Radiation Laboratory : 
1. Bevatron and associated facilities__._......._..._...--_-_-- 9, 654, 546 


2 Materinin: teeta Grcereranet ne eee 3, 427, 100 


So." Heavy tom Teer gGregeretee soos ee elec 1, 900, 000 
4. Cyclotron: . 1m pROveinth., oo sin ce teteiendaes 73, 840 
Brookhaven National Laboratory : 

1. Alternating efadion=t eynchrotrotin.. nck cn 19, 981, 000 
2. Cosmotron and associated facilities._._._.c............._____ 3, 923, 151 
o FPRID CI ae i eae eneceeee 3, 790, 5 

4. Reactor and accelerator additions and modifications_______ 599, 000 
5. 60-inch cyclotron and Van de Graaff______________------__ 379, 588 
Gl. WHER CCRC OS hte 294, 814 
7. 1S-theh CyCiOCrOR REG WU a en ce ecu 206, 100 


&. 2 Mev. Van de Graaf and buliting._.......-..- <5... 115, 000 








hee (es re 
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Breakdown on the construction obligations for physical research, fiscal years 
1949-57—Major reesarch machines and associated housing—Continued 


Oak Ridge National Laboratory: 


TERROR: PORNO oe ics eh eedecce eee $4, 666, 000 
2. Multicurie fission product pilot plant-_._-_---.----------~~- 2, 066, 000 
8. 46-tach heavy particle cyciotron........24....0.2 seen 459, 000 
eI SN i li Saco en pcencs crs tags aap Romie 380, 924 
GS. S6dine: 131 production factitty..... nc cckcccewccsncccs 200, 000 
6. Biioinetene Processes BLOB ....5 none e i ccc ee cence 176, 410 
7 PE. SONOR  bnctks oeciad ae dein ecoumcimetne 157, 000 
S. ROR ORGS BOGE. 6. c ccc cna cceenn an 120, 500 
So: Fan Ge Green ee. os ic cnc eeetaeee 71, 000 
70... HOt Weete COrlectiOn GEOKA. . «2. ccc kdnestnnu 52, 500 
TE: es COO i hei es a ieee (15, 708) 


Research machines at universities : 


1. Particle accelerator program, Cambridge and Princeton. 7, 554, 000 
2. Heavy ion linear accelerator, Yale University____-__------ 1, 834, 000 
3. Proton linear accelerator, University of Minnesota______--~- 1, 422, 765 
4. Van de Graaff and building, Columbia University_----- 830, 000 
5. Electron synchrotron, California Institute of Technology__-_ 795, 000 
6. Venu te Greet, Bice Tele. i he cos 440, 000 
i» Vom GO Gren, De UME ORBINy on ren cnccckeoses 431, 000 
8. Linear accelerator, Yale University_.._.._-_.._.._._..--------- 287, 140 
9. Van de Graaff, University of Notre Dame_____------~----- 65, 675 


Total obligations, fiscal year 1949 through fiscal year 1957 
for major research machines and associated housing___ 69, 798, 283 


NoTe.—The total obligations for research machines as reported here represents the 
amounts actually obligated from fiscal year 1949 through fiscal year 1957. Therefore, the 
amount shown for a project does not represent, in every case, the total cost of the project. 
The initial obligations for projects authorized prior to fiscal year 1949 are not included. 
Similarly, projects not completed by fiscal year 1957 may have obligations estimated for 
fiscal year 1958 and subsequent years that are not included. Also, the list includes only 
major research machines. Excluded are research instruments such as mass spectrometers, 
computers, small electron linear accelerators, and other items that are budgeted by the 
AEC as “Equipment not included in construction.’’” The line of demarcation generally 
applied in making the distinction is that minor items classed as equipment will not 
materially affect subsequent years’ operating costs. Major items, classed as construction, 


are those that will substantially affect subsequent years’ operating costs and that the AEC 
requests specific appropriation authorization for. 


Representative Price. Also when you think we are about to enter 
into a phase where one machine will cost in the neighborhood of $100 
million, almost the total of what you have spent for all cyclotron- 
cosmotrons and synchrotrons. 


Mr. Tammaro. That is correct. 

Representative Price. You may proceed. 

Dr. McDantet. This has been a brief sketch of the organization 
and administration of the Commission’s physical research program. 


PROBLEMS IN ADMINISTERING RESEARCH 


I would like to close my remarks now with a discussion of some of 
the problems one faces in administering a program such as the one 
we have been discussing in the past 2 weeks. 

First of all, we have the problem of maintaining a balanced pro- 
gram between the various scientific disciplines so that one field of 
research is net oversupported to the detriment of other areas. We 
must also maintain a proper balance between the level of basic re- 
search activities on the one hand and the level of applied research and 
development programs on the other. Indirectly, the responsibility 
for insuring a healthy proportion of basic research within the Atomic 
Energy Commission’s program rests almost entirely within the Divi- 
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sion of Research, since the other divisions of the Commission do not 
support any significant amount of basic research. 

Another problem that one has in this area is that of coordinatin 
the Atomic Energy Commission program with similar programs o 
other governmental and nongovernmental organizations. This has 
not been a major problem to us because we have a number of formal 
and informal means of keeping in contact with the other Government 
agencies, such as the National Science Foundation and Department of 
Defense, and private organizations. 

Another problem, Mr. Chairman, is one which you and your sub- 
committee have done an outstanding job in helping us carry out. The 
problem is that of educating the layman so that he can understand 
what is going on in the scientific programs and so that he can see the 
importance of spending the taxpayers’ money wisely. The scientists 
perhaps have paid insufficient attention to their public relations. A 
better job could be done by the members of the scientific community 
as a whole in this respect. 

Opportunities such as the one you have extended to us during the 
past 2 weeks help us immeasurably in making our program better 
understood. 

On behalf of the scientists which have appeared before you and on 
behalf of my colleagues in the Atomic Energy Commission, I want 
to thank you for the opportunity to describe our program to you. 

Representative Price. Thank you very much, Dr. McDaniel. You 
have certainly given us an informative, clear, overall picture on the 
basic research program of the Commission. 

Are there any questions ? 

Representative DuruAm. I would like to comment also that I think 
it has been one of the best and most informative hearings that has ever 
been held on a scientific subject such as this since I have been around 
here for the last 20 years and I have been on most of the hearings, not 
only on this agency but other agencies. 

The thing I want to compliment you on is that your student train- 
ing program is one of the most healthy things we have at the present 
time if we expect to stay ahead in this basic research field. We can 
contribute so much to private enterprise by Government cooperation. 
You have certainly run it successfully. 

I have heard no complaint whatever from any college and I have 
gone around to the colleges in my own district and I know I would 
have heard some complaints if this program had not been run well. 
You do not go in and tell them what they have to do; you let them run 
it like research should be run. 

Dr. McDanrex. Mr. Durham, I would like to quote your remarks 
to all of the people who have appeared here because I am sure they 
would appreciate hearing them. 

Representative Durnam. You do that. 

Representative Price. Dr. McDaniel, does that chart include all the 
existing laboratory buildings? 

Dr. McDanteu. No, sir. 

Representative Price. What does the $23 million slice for labora- 
tory buildings include? 

Dr. McDantex. That includes only a — of the construction of 
the Atomic Energy Commission that is beneficial to the research pro- 








il a a 
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gram. It includes such things as Plan H at Oak aie and several 
research buildings there, a chemistry building at the University of 
California. Offhand, I do not recall the list but I will furnish one 
for the record. The list will contain, however, only those buildings 
that our Division is directly responsible for obtaining funds for and 
for following the construction. The list will not attempt to include 
buildings for the life sciences, reactor development, and other con- 
struction for research which the Commission has been doing. 

Representative Price. Could you give us a more detailed breakdown 
on what the figures on that particular chart do include for the purpose 
of the record ? 

Mr. McDantet. I certainly will, sir. 

(The information referred to follows :) 


BREAKDOWN OF THE CONSTRUCTION OBLIGATIONS FOR PHYSICAL RESEARCH 
Fiseal Years 1949-57 
Laboratory buildings 


Ames Laboratory, Iowa State College: 


Ta Re eI CN a a ei ae ale eaten $2, 511, 8383 
Th REIN © SAUER gio ncn ese ecb t es a come eteie 65, 848 
3. Metals process development plant (architect-engineer work 
ND cae ee ae ee ele ee et ie ra ee 39, 000 
Argonne National Laboratory : 
3 ASpereons: 66) Ti0t- IAOPR CORT. oo eke 80, 000 
University of California Radiation Laboratory : 
b. Ceery SRGERSOry DUNE. 8 ee tek ee ceeds 1, 519, 000 
ns - CEO TORONTO BUNGIE... on eet 250, 000 
By Sees SOREN TRBOURCONY oe nck onan ke ecm 100, 52% 
ih PAY REI Ser ga 40, 000 
5. Engineering service building (architect-engineer work only) — 20, 000 
Brookhaven National Laboratory: 
Thi UTNE RN haa ane atin weesdrsian ecm ecinn 245, 645 
fie PENCE MRI ee ace aeeeein 182, 000 
Oak Ridge National Laboratory : 
1. Construction program to provide permanent buildings____-_~- 15, 971, 400 
axe CEG Re TI ie pant its ch rcoeemomie 697, 000 
3. Fabrication plant for development equipment___________-____ 448, 000 
4. Permanent research building (architect-engineer work only) — 288, 000 
5. Central research laboratory addition (architect-engineer work 
ORE) 66 Se. ee ei 157, 000 
6. Conversion of existing building to development plant (archi- 
COCEOCURINEOL WOTK CBU) .cdsceenccces an ctetiowendscueun 14, 000 


Total obligations, fiscal years 1949 through 1957 for Lab- 
erator Wiens is i a ee sg oe $22, 629, 249 


NoTs.—The total obligations for laboratory buildings as reported here represents the 
amounts actually obligated from fiscal _ 1949 through fiscal year 1957. Since the 
initial obligations for projects authorized prior to fiscal year 1949 are not included, the 
amount shown for a project does not represent, in every case, the total cost of that project. 

Also, the projects listed include only those that the Division of Research is directly 
responsible for. It does not include projects a by other AEC program divisions 
such as reactor development, production, and military application even though a portion of 
such buildings may be devoted to work for the Research Division. 
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Other construction 
Ames Laboratory, Iowa State College: 


1. General pint weenie 3a a ae $260, 500 

2. Restoration of Iowa State College facilities___.c....._.....__ 98, 615 
University of California Radiation Laboratory : 

ik, General Piet Wreseete...... anne neeeeeeeneeee 1, 874, 305 

°C ao ccrgate sarin mie esrb ean eae ae ee 105, 000 
Oak Ridge National Laboratory : 

1. General. plant proieets. «no ccncsdk ieee eee 7, 482, 114 

ee enn en ne er Pe EE | 105, 799 

STREP Ry i ciggetpt weieaee 80, 000 
Oak Ridge Institute of Nuclear Studies: 

1. Gerieral plant projects.........2..2.6n coed eee 225, 533 

2. MUSOU. 2s kee ee ee ee eee 47, 312 


Washington: 1. General plant projects and miscellaneous construc- 
tion and accounts 


Total obligations fiscal year 1949 through fiscal year 1957 for 
other coneivuntiotic. soe eee 12, 471, 652 


Nore.—tThe obligations for general plant projects as listed in this report are those 
obligations made by the laboratories from funds supplied annually to each laboratory 
to provide for changes necessary in the physical plants as the research work oe 
The amounts reported here are the cumulative total of funds obligated for fiscal years 
1949 through 1957. Since most of the projects individually cost less than $20,000, infor- 
mation is not readily available as to whether the funds were spent for changes and modifi- 
cations to “buildings” or to “‘research machines.” For purposes of this report, therefore, 
the amounts have been reported as “other construction.” 


tepresentative Price. Has the General Advisory Committee, Doc- 
tor, in the last year recommended any increase in the funds for your 
physical research program ? 

Dr. McDantet. I should think, Mr. Chairman, if you will bear with 
me, that perhaps I should not refer to the comments of the General 
Advisory Committee. They are made to the Commission and as 
Acting Director of the Division of Research I probably should not 
comment on them. 

Representative Price. Could anyone answer the question as to 
whether or not all money requested for the research program for 
the year has been included in the 1959 budget ? 

Mr. Tammaro. You mean all the money requested by whom, the 
Division of Research, or who ? 

Representative Price. By the Division of Research. 

Mr. Tammaro. I think the Division of Research asked for about 
$86 million, roughly, and the allotment to that Division was about 
$71.5 million. This is a judgment, to be sure, because we never have, 
as far as I know, unlimited funds in the Commission for everything. 
You do have a number of programs and pockets you have to balance 
out, whether they be in the life sciences or reactor development or 
others. This was a judgment as being an adequate figure. How- 
ever, I would like you to know that this figure and all figures at this 
particular time are being constantly and constantly reviewed. We 
as recently as this week have been getting requests saying that maybe 
this should be more on a number of programs. 
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The Commission, as you know, has flexibility within its overall 
funds to reprogram. I can assure you that we are reviewing this 
constantly, and if we do find that a review indicates we need addi- 
tional funds to help these various things in the program, the Com- 
mission will take appropriate action. 

Representative Price. Do you know what the AEC recommenda- 
tions were or requests were to the Bureau of the Budget ? 

Mr. Tammaro. We recommended to the Bureau of the Budget 71.5 
and got 71.5. 

Representative Price. And that was approved ? 

Mr. Tamaro. Yes, sir. 

Representative Price. There has been considerable testimony be- 
fore the committee in the 2 weeks of hearings to the effect that our 
overall basic research program in the United States should be in- 
creased at least 50 percent. That had reference to financial support. 

There was also testimony here this morning to the effect that if 
it is to be increased 50 percent, practically all of that increased sup- 
port would have to come from Government. 

I would like to have for the record, if it is not available today, 
any recommendations that the General Advisory Committee has 
made to the AEC in regard to an increase in contracts for physical 
research. 

Mr. Tammaro. I do not recall any at present, but if we have some 
I think we might be able to supply that. I do not recall any specific 
ones that they have made. 

Representative Price. That is something that you can supply for 
the record; that is, recommendations of the General Advisory Com- 
mittee on increase of funds for physical research within the AEC? 

Mr. Tammaro. Yes, sir. 

(Correspondence from the AEC regarding the matter, together 
with a letter from Warren C. Johnson, Chairman of the AEC General 
Advisory Committee, expressing his views on the level of support of 
the physical research program, follows:) 


UNITED States ATOMIC ENERGY COMMISSION, 


Washington, D.C., March 7, 1958. 
Hon. MELVIN PRICE, 


House of Representatives. 


Deak Mr. Price: This letter is with reference to testimony presented to the 
Subcommittee on Research and Development at the hearing on Friday, February 
14, 1958. I refer specifically to the questions you raised with Mr. Tammaro con- 
cerning recommendations made by the General Advisory Committee in connection 
with the physical research program. 

The General Advisory Committee has, of course, considered various aspects of 
the Commission’s physical research program, but to date the Committee has made 
no recommendations to the AEC in regard to an increase in contracts or funds 
for this program. 


Sincerely yours, 
R. W. Cook, 
Deputy General Manager. 





UNITED States ATOMIC ENERGY COMMISSION, 
Washington, D.C., April 3, 1958. 
Hon. MELVIN PRICE, 
House of Representatives. 


Dear Mr. Price: This will supplement Mr. Cook’s letter to you of March 7, 
1958, relating to questions raised by your Research and Development Subcom- 
mittee with Mr. Tammaro on February 14, 1958, concerning recommendations 
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made by the General Advisory Committee in connection with the Commission’s 
physical research program. 

You will recall that Mr. Cook’s letter advised that the General Advisory Com- 
mittee had made no recommendations to the AEC in regard to an increase in 
contracts or funds for that program. At the time of Mr. Cook’s letter, we were 
in receipt of a letter from Dr. Warren C. Johnson, Chairman of the General 
Advisory Committee, expressing his personal opinion regarding the level of the 
Commission’s support of the physical research program. 

On March 1, 1958, the Commission was informally notified that the General 
Advisory Committee had adopted recommendations of its Research Subcommittee, 
on the physical research program level of support, substantially identical to the 
personal views expressed by Dr. Johnson in his earlier letter. Although these 
recommendations have not, as yet, been formally transmitted to the Commission, 
the Commission did take cognizance of their informal comments in considering 
its projected research budget. In any event, I wanted to inform you of these 
facts immediately, in order to correct any possible appearance of transmittal of 
misinformation due to the sequence of events. 

Sincerely yours, 


K. E. Fretps, General Manager. 


THE UNIVERSITY OF CHICAGO, 
THE DIVISION OF THE PHYSICAL SCIENCES, 
Chicago, Ill., May 1, 1958. 
Hon. MELVIN PRICE, 
Chairman, Subcommittee on Research and Development of the Joint Com- 
mittee on Atomic Energy, United States Capitol Building, Washing- 
ton, D. C. 

Dear Mr. Price: Due to the fact that I was detained in Chicago on account of 
illness during the hearings on the physical research program of the Atomic Energy 
Commission, scheduled for February 14, 1958, at the request of your committee 
I am enclosing a copy of the letter dealing with this subject and addressed to Mr. 
Lewis L. Strauss, Chairman, United States Atomic Energy Commission, dated 
February 20, 1958. 

My statement is as follows: 

“During the past few months I have given considerable thought to the problem 
of financial support for the activities of the Division of Research of the Atomic 
Energy Commission. It is becoming more and more evident that the present 
level of support—namely, about $71.5 million for fiscal 1958 and fiscal 1959—is 
greatly inadequate. Furthermore, unless considerably more support is forth- 
coming within the next 2 or 3 years, we shall find ourselves in a difficult position. 

“For the support of this conclusion, I would like to present a few facts per- 
taining to some of the programs under the sponsorship of the Division of Re- 
search. At the present time about $16 million is devoted annually to the support 
of high energy physics. Nevertheless, these funds do not enable the cosmotron 
at the Brookhaven National Laboratory and the bevatron at the University of 
California Radiation Laboratory to operate on a full schedule. In addition, 
these laboratories have been in a position to accept only about 40 percent of the 
requests that come to them for the use of the accelerators for worthwhile experi- 
ments, and many other physicists and teams in universities throughout the coun- 
try do not even apply for machine time, since it is apparent that none is available. 
For new high energy accelerators are now under construction and will go into 
operation during the period 1960-62. These are the 25-30 Bev AGS machine 
at Brookhaven, the 12.5 Bev accelerator at the Argonne National Laboratory, 
the 3 Bev synchrotron at Princeton, and the Harvard-MIT 6 Bev electron synch- 
rotron at Cambridge. It has been carefully estimated that when these machines 
go into operation, about $50 million will be the annual operating and experimen- 
tal expense to maintain them on a full-time basis. Weare certain that when this 
time arrives there will be even more demand for the use of the machines than 
available machine time will permit. The estimate made here is based on 
present-day dollars; any inflationary trend will increase the operating costs. 
It should also be pointed out that other high energy machines, such as cyclotrons, 
linear accelerators, etc., that are included in this program are not being used to 
capacity. If one considers it important to use our manpower as efficiently and 
effectively as possible, then there is the need to maintain all of our experimental 
devices in the field of high energy physics at full capacity. In other words, it 
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appears to me that our manpower resources should take precedence in our effort 
to maintain leadership in the field of high energy physics. This statement applies 
equally to all other fields in the atomic energy program. 

“Another field that deserves increased attention is what one might call in gen- 
eral terms ‘the science of materials.’ Included in this expression are such areas 
as chemistry, metallurgy, solid-state physics, high-temperature thermodynamics, 
ceramics, the behavior of materials in a radiation field, ete. Our efforts in the 
fundamental sciences pertaining to these areas have been greatly inadequate. In 
fact, the difficulties we have experienced in the development of different types of 
reactors, not only for power but for military prepulsion purposes as well, have 
been due in a large measure to lack of fundamental knowledge in these fields. 
Due to the unrealistic time schedule, we have spent relatively large sums of 
money for pieces of hardware without knowing what components would be con- 
tained within them. By lengthening the time schedules for completion of some 
of our reactors for both military and nonmilitary purposes, it will be possible to 
devote more attention to the fundamental problems inherent in the behavior and 
use of materials than we have in the past. In fact, these fundamental problems 
must be solved before we are able to complete the programs. It is therefore 
recommended that considerable additional funds be devoted by the Division of 
Research to this area for the support of fundamental research in the laboratories 
of the Commission, the universities, and institutes throughout the country. 

“A number of other activities sponsored by the Division of Research need ad- 
ditional support. However, in my opinion, the two general areas previously men- 
tioned demand the greatest attention. What I would like to emphasize is that 
our greatest asset is well-trained scientific and engineering personnel and that 
we should give them full support in order to enable them to carry out their work 
to the capacity of their talents. I would estimate that the annual operating 
budget of the Division of Research at the present time should be at least $100 
million to accomplish these objectives and that within the next 4 years this an- 
nual budget should rise to $150 million to $175 million to make the fullest use 
of our manpower and facilities commensurate with the needs and objectives 
of the Atomic Energy Commission’s program.” 

Very truly yours, 
WarkEN C. JOHNSON, 
Dean, Division of the Physical Sciences. 


Representative Durnam. Those applications come in through the 
Advisory Committee and I should think it would indicate whether 
all requests for programs in the colleges and universities have been 
requested to be increased. 

Mr. Tammaro. Generally we take those quite seriously. I cannot 
think of anything that we have not in the research program at this 
particular time. 

Representative Price. My request was not directed solely to con- 
tracts within the universities. My request had to do with overall 
recommendations for a need for an increase of the physical research 
program of the Commission. That would include the Commission’s 
own laboratories and contracts with universities or wherever they 
may have contracts. In other words, the overall picture. 

Has there been any discussion of this recently in the light of devel- 
opments in the last few months? 

Mr. Tammaro. They only had this one meeting and I do not think 
anything on that particular line came up. At this particular meet- 
ing they took certain specific subjects that we wanted help on, if 
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I remember correctly. At this particular meeting I do not think 
that was taken up as such. They do make reviews of our labora- 
tories from time to time and at some previous meeting I am sure the 
question generally came up. But at this last one it did not come up, 
as far as I can remember. 

Representative Price. Are there any further questions? 

I do not know whether we got into the record except through the 
charts: What is the AEC total 1959 budget for physical research ? 

Dr. McDantet. That is $71.5 million. 

Representative Price. What percentage of the total budget is that? 

Dr. McDantet. I would have to call on Mr. McCarthy, from the 
Commission, to give me the total Commission budget. 

Mr. McCarruy. The total budget is $2,418 million for 1959. Dr. 
McDaniel is referring to the costs in 1959. There are some addi- 
tional moneys in there for obligating purposes. I do not have them 
broken out but they are applicable to the physical research program. 

Representative Price. What percentage of the total budget would 
that be? 

Mr. McCarrny. About 3 percent of the total budget is the physical 
research. That is approximate, of course. 

Representative Pricr. Do you have any funds appropriated that 
have not been yet made available to the Commission for physical 

research ¢ 

Dr. McDantet. I can think of none, sir. I do not believe we have 
any. 

I think we have gotten everything that Congress has appropriated. 

Representative Price. Mr. Ramey. 

Mr. Ramey. On your statement that the Commission only requested 
$71 million, the same as the last year level of expenditure or the cur- 
rent year level of expenditure, was that made in accordance with 
Bureau of the Budget policy of holding down funds in physical 
research, or if there had been a general policy of increasing research 
would the Commission have asked for more money ? 

Mr, Tammaro. Mr. Ramey, I know of no Bureau of the Budget 
policy issued that actually states that we were or should be held down, 
none whatsoever, in answer to your question. I could be wrong and 
I am sure Mr. McCarthy might help me. I do not know of any. 

Mr. McCarrny. There was no budget policy on that. 

Mr. Ramey. I have one other question, if I may. 

On your controlled thermonuclear research, that was not covered 
in your statement. 

Dr. McDantet. No, but I have two tables here, one will give you 
the operating costs and man- years of the program since 1951, and 
the other one will show the construction obligations charged against 
this program. 

With your permission, sir, I will put it in the record. 

Representative Price. Yes. 
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(The document referred to follows :) 


DIvIsION OF RESEARCH—-CONTROLLED THERMONUCLEAR PROGRAM, Fes. 13, 1958 


Operating costs and man-years 














Fiscal year Ce Man-years 
costs 
DOs on oc oss co tks ee casndsasowenensueceeabenseiboeaameeeecansoeeaan $50, 000 3 
esha sks ach tc Ss i are Foch ioe eee echo G ahs Gate ela ead cin akon ste 150, 000 8 
SUE i ap aiciana hen gneiibedn emma Saved aman edd Run aueapemhaeateeenwn aise 800, 000 30 
tbh nny anancan caknniaanbas pgkchinidew Seek iain eee anee ane Neneh aaa 1, 741, 000 51 
si Slnk antgieed darept ede e owba ancien clap dude wale aben aa ccniamranpaana angst 4, 718, 000 110 
DB ee ee i a cb aig haan eaesabesemc nema emenee a ame ee 6, 639, 000 | 140 
PE cbcccrabakdinarsasoncsiees ned gue scdckavekLaaee eee ieee kaa abeekeae 10, 735, 000 187 
BG hci apca snd kehehbihinnGbaw die iieease ea ASeee ee ke eemosadies 23, 500, 000 267 
Rais ene Sv Rat sng tlh whos ac ll aed pO RRA ee lad ew Sonata ieee 25, 500, 000 303 
Construction obligations 

Fiscal year Construction 

obligations 
Rion iad chintsinte de katsdebinkaedevadicak@@nge wien tabs igheniadaadi ip kermeamnn at ene $1, 214, 000 
sane hae a at koe ad See ean ke Lon eueanunsede eeieede caoea 1, 248, 000 
Sc inactiuneutciinn ss ckamhaheihndeekhahes med daby eset stusited Meatakeeaeonsaaleaie 657, 000 
said ces ee ages cd eg cht Sachets ea Se acids card gp a ce Ae Leh 5, 460, 000 
ee acess oct x oe nates baniac eu coaeatasmecadtl treeeeasbacessereeeaeea 2, 750, 000 


Representative Price. Could you use more money on this project ? 

Dr. McDaniu. Certainly as the years go on more money will be 
—s on this project with the permission of the Congress. In the 

ommission vartiial this program is given a great deal of sympath 
It is a program which the Commission, I am sure, will always provide 
with sanenak funds if they have the flexibility within appropriated 
funds. 

It has been my experience that the Congress will appropriate the 
funds that are necessary in this program. 

Representative Price. In your statement, Dr. McDaniel, you refer 
to the research participation program at the major research centers. 

Dr. McDanret. Yes, sir. 

Representative Price. You refer to it as a small but important facet 
of your research program. 

Dr. McDanteL. Yes, sir. 

Representative Price. Is it small because of lack of interest in it or 
because of lack of facilities or lack of funds? 

Dr. McDantet. I believe it is small dollarwise because university 
professors during the summer have many obligations and many oppor- 
tunities. The size of the program is not limited by appropriated 
funds or facilities, in my opinion, but rather limited by the availabil- 
ity of university people who wish to do this sort of thing during the 
summer. 

I do not believe this is a problem of ap ee ebonng or facilities. 

Representative Price. Is it the type of program that the Commis- 


sion would want to increase or enlarge upon ? 

Dr. McDanrex. It is a beneficial program and its further growth 
should be regulated by the future demand for this type of employ- 
ment. 
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Representative Pricer. It is not limited by the facility that you have 
available to accommodate people during the summer periods? 

Dr. McDanret. There is always a housing problem around major 
national laboratories and I am sure this has something to do with each 
university professor making his decision of whether or not to come to 
the national laboratory. 

Representative Price. Is it dependent in any way on the availabil- 
ity of research tools? 

Dr. McDantet. Not limited under the present program; no, sir. 
This does not mean to say that we do not need more tools as the years 
go on so that we may also expand this program; but at the present 
time, there is no restriction. 

Representative Price. Are there any further questions? 

If not, thank you very much, Dr. McDaniel. Once again I want to 
thank you on behalf of the committee for the assistance that you and 
your staff have given in setting up these hearings and the fine presenta- 
tions that not only you have made here this morning but also the 
scientists who appeared before the committee. 

Dr. McDanret. I am sure, sir, it was the scientists who made the 
presentation a useful one. 

Representative Price. Thank you very much. 

The committee will stand adjourned. 

(Whereupon, at 12 noon, Friday, February 14, 1958, the hearing was 
adjourned. ) 


x 








